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Abstract 
The interaction between temperate and subtropical atmospheric as well as oceanic 
circulation systems strongly shapes the climate of South Africa. Increasing 
temperature and precipitation extremes in a changing climate will cause more 
frequently occurring severe droughts and floods, affecting both the ecosystem as well 
as South Africa’s society. To understand future climatic changes requires first to 
understand climatic changes in the past. The Holocene from 11.500 years BP until 
present closely resembles recent climate conditions and, therefore, suits well to study 
past climate changes. This thesis aims to advance the understanding of Holocene 
climate changes and their environmental consequences in South Africa. Terrestrial 
lipid biomarkers, namely plant wax derived n-alkanes and their compound-specific 
stable carbon and hydrogen isotopes (δ13Cw ax, δDw ax), serve to reconstruct 
hydrological and vegetation changes using a marine sediment record from the 
northern mudbelt offshore western South Africa. An evaluation of the used lipid 
biomarkers in the modern environment and a source-to-sink approach ensure to 
properly interpret the sedimentary record. 
The first part of the thesis aims to identify the origin of the terrestrial material 
deposited in the mudbelt by using (1) soil samples to obtain a source signal, (2) 
suspension loads and flood deposits from rivers to investigate possible overprints by 
local signals during riverine transport, and (3) a transect of marine surface sediments 
along the west coast of South Africa to ascertain additional terrestrial input to the 
mudbelt. n-Alkane distributions and δ13Cw ax signals from soils of different biomes in 
the catchments of the Orange River and small west coast rivers, on average, reflect 
the distinct biome-specific vegetation types. However, the n-alkane distributions and 
δ13Cw ax signals for the winter rainfall associated Fynbos Biome differ considerably 
from the other biomes. The Orange River suspension loads and flood deposits reflect 
the input and, therefore, overprinted local vegetation signals along the river’s course. 
Thus, the terrestrial organic material transported by the Orange River comprises an 
integrated, albeit heterogeneous, catchment signal. This marks an important finding 
as earlier investigations of terrestrial inorganic material point to an origin in the 
Drakensberg Mountains, the easternmost Orange River catchment. The analysed n-
alkanes of marine surface sediments in this thesis support earlier studies that find the 
Orange River being the main contributor to the mudbelt sediments. However, parallel 
pollen investigations and the n-alkanes indicate that, further south of the Orange 
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River mouth, additional input of terrestrial organic material from adjacent western 
coastal biomes to the mudbelt as well as in the southernmost mudbelt from the 
Fynbos Biomes plays an increasingly important role.  
The second part of the thesis considers whether δDw ax can serve as an indicator for 
hydrological changes. Therefore, δDw ax in soils along different environmental 
transects were compared with interpolated δD of precipitation to obtain the apparent 
hydrogen fractionation and evaluate the impact of environmental parameters on the 
δDw ax signal. Most importantly, δDw ax behaves differently in the winter rainfall zone 
compared to the summer rainfall zone. This study confirms that δDw ax serves well as 
qualitative hydrological recorder in the summer rainfall zone for the past because 
δDw ax correlates significantly with annual δDp although evapotranspiration obviously 
impacts δDw ax. In contrast, δDw ax should be used only with caution as palaeo-
hydrological recorder in the winter rainfall zone due to more complex environmental 
conditions. Further, the potential influence of summer precipitation as well as 
moisture sources other than precipitation may compromise a relationship between 
δDw ax and δDp for the winter rainfall zone.  
The third part of the thesis analyses n-alkanes in the marine sediment core 
GeoB8331-4, that covers the Holocene. The core reveals relatively dry early 
Holocene conditions in the interior of southern Africa. Towards the middle Holocene, 
C4 plants become gradually more abundant while the conditions become increasingly 
wetter with a maximum around 3,900 cal. yr BP. Since 3,900 cal. yr BP, a gradual 
drying trend began, overlain by variable humid conditions. The Little Ice Age (ca. 640 
- 310 cal. yr BP) is evident as a time period of relatively dry conditions and elevated 
C4 plant contribution. This opposite behaviour of higher C4 plant contribution during 
drier conditions as compared to the remainder of the Holocene indicates an influence 
of winter precipitation and a decline in summer precipitation in the lower Orange 
River catchment during the late Holocene. In the summer rainfall zone, the latitudinal 
insolation gradient rather than solely local insolation can explain hydrological and 
vegetation changes.  
This thesis underlines the need to evaluate whether δDw ax can serve as a 
palaeohydrological recorder in a specific region. The latitudinal insolation gradient 
strongly drives past environmental changes in South Africa and should, therefore, 
receive more attention in future paleoenvironmental investigations elsewhere.  
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Zusammenfassung 
Das Zusammenspiel zwischen Atmosphären- und Ozeanzirkulationen der 
gemäßigten und subtropischen Breiten prägen das Klima Südafrikas. Zunehmende 
Temperatur- und Niederschlagsextreme in einem sich ändernden Klima führen zu 
häufiger auftretenden schweren Dürren und Überschwemmungen, die sich sowohl 
auf das Ökosystem als auch auf Südafrikas Gesellschaft auswirken. 
Um zukünftige Klimaänderungen besser zu verstehen, ist es essentiell Klima-
änderungen der Vergangenheit zu verstehen. Das Holozän von 11500 Jahren vor 
heute bis heute ähnelt dem heutigen Klima und eignet sich daher sehr gut für 
Untersuchungen vergangener Klimaänderungen. Diese Arbeit dient dazu, holozäne 
Klimaänderungen sowie ihre Auswirkungen auf die Umwelt Südafrikas besser zu 
verstehen. Dafür wurde ein Sedimentkern aus dem nördlichen Teil des sogenannten 
Mudbelts vor der Westküste Südafrika untersucht. Mithilfe aus dem Sedimentkern 
gewonnener terrestrischer Biomarker, hier n-Alkane und deren komponenten-
spezifischen stabilen Kohlenstoff- und Wasserstoffisotope (δ13Cw ax, δDw ax), lassen 
sich hydrologische und Vegetationsänderungen rekonstruieren. Eine aussagekräftige 
Interpretation des sedimentären Archivs macht jedoch zunächst eine Evaluierung der 
genutzten Biomarker in der heutigen Umwelt und eine Betrachtung ihrer Quellen, 
ihres Transportes und ihrer endgültigen Ablagerung im Sedimentarchiv notwendig. 
Der erste Teil dieser Arbeit beschäftigt sich mit der Herkunft des im Mudbelt 
abgelagerten terrestrischen Materials unter Nutzung von (1) Bodenproben, um ein 
Quellsignal zu erhalten, (2) Suspensionsproben und Flutablagerungen von Flüssen, 
um eine mögliche Überprägung lokaler Signale zu identifizieren und (3) marinen 
Oberflächensedimenten entlang der Westküste Südafrikas, um einen zusätzlichen 
terrestrischen Eintrag zu ermitteln. Böden aus den unterschiedlichen Biomen 
innerhalb der Einzugsgebiete des Orange Flusses und der kleineren Westküsten-
flüsse weisen im Mittel unterschiedliche n-Alkanverteilungen und δ13Cw ax Signale, 
welche auf Biom-spezifische Vegetationstypen hinweisen. Böden aus dem 
Winterregen-dominierten Fynbos Biom unterscheiden sich dabei am deutlichsten von 
den anderen Biomen. Untersuchungen von Suspensionsfrachten und Flut-
ablagerungen aus dem Orange ergaben, dass das vom Fluss transportierte Signal 
durch die lokale Vegetation entlang des Flusses überprägt wird. Somit beinhaltet das 
vom Fluss transportierte terrestrisch organische Material ein integriertes, wenn auch 
heterogenes Signal des Einzugsgebietes. Das ist eine wichtige Erkenntnis, da 
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vorherige Untersuchungen des vom Fluss transportierten terrestrischen 
anorganischen Materials auf eine Herkunft aus den Drakensbergen weisen, dem 
östlichsten Einzugsgebiet des Orange. Die Untersuchungen der marinen 
Oberflächensedimente in dieser Arbeit bestätigen frühere Studien, wonach der 
Orange für den Haupteintrag des Sediments im Mudbelt verantwortlich ist. Allerdings 
ergeben die untersuchten n-Alkane und parallel durchgeführte Pollenuntersuchungen 
einen nach Süden zunehmenden zusätzlichen Eintrag terrestrischen organischen 
Materials von den angrenzenden Biomen der Westküste. 
Der zweite Teil dieser Arbeit untersucht die Anwendbarkeit von δDw ax als Indikator für 
hydrologische Änderungen. Dafür wurden Böden entlang von Transekten 
verschiedener Umweltbedingungen untersucht und mit interpolierten δD Werten von 
Niederschlag (δDp) verglichen, um die Fraktionierung des Wasserstoffs zu 
bestimmen und den Einfluss verschiedener Umweltfaktoren auf das δDw ax Signal zu 
erfassen. Die wichtigste Erkenntnis aus dieser Untersuchung stellt das 
unterschiedliche Verhalten von δDw ax zwischen der Winterregen- und Sommer-
regenzone dar. δDw ax in der Sommerregenzone eignet sich sehr gut, um qualitative 
hydrologische Änderungen zu rekonstruieren, da δDw ax trotz des Einflusses der 
Evapotranspiration gut mit δDp korreliert. Im Gegensatz dazu ist δDw ax in der 
Winterregenzone aufgrund komplexer Umweltbedingungen nur sehr bedingt 
geeignet, um hydrologische Veränderungen wiederzugeben. Zudem können sowohl 
Sommerregen als auch andere Feuchtigkeitsquellen als Regen die Beziehung 
zwischen δDw ax und δDp beeinflussen. 
Der dritte Teil dieser Arbeit beschäftigt sich mit der Analyse der n-Alkane im marinen 
Sedimentkern GeoB8331-4, der das Holozän abdeckt. Der Sedimentkern zeigt, dass 
das frühe Holozän im Orange Einzugsgebiet von trockenen Bedingungen geprägt 
war. Im Verlauf vom frühen zum mittleren Holozän nahm der C4-Pflanzenanteil zu 
und die klimatischen Bedingungen änderten sich zu einem feuchteren Klima, das 
seinen Höhepunkt vor ca. 3900 Jahren erreichte. Von da an wurde es zunehmend 
trockener, wenn auch Abschnitte mit variablen humiden Bedingungen auftraten. Die 
„Kleine Eiszeit“ vor ca. 640 – 310 Jahren spiegelt sich im Sedimentkern als Zeitraum 
mit relativ trockenen Bedingungen und erhöhtem C4-Pflanzenanteil wider. Das 
gegensätzliche Verhalten von C4-Pflanzenanteil und trockenen Bedingungen im 
Vergleich zum Rest des Holozäns spricht für einen möglichen Einfluss des 
Winterregens und einen verminderten Einfluss des Sommerregens im unteren 
 XVI 
Orange Einzugsgebiet während des späten Holozäns. Die treibende Kraft für die 
hydrologischen und Vegetationsänderungen stellt dabei wahrscheinlich nicht die 
lokale Insolation dar, sondern stattdessen der Insolationsgradient zwischen 
verschiedenen Breitengraden. 
Diese Arbeit verdeutlicht die Wichtigkeit δDw ax vor der Anwendung als 
paläohydrologischer Anzeiger in einem bestimmten Gebiet zu evaluieren. Die 
wichtige Rolle des Insolationsgradienten für vergangene Klimaänderungen in 
Südafrika empfiehlt eine stärkere Berücksichtigung für zukünftige Paläoumwelt-
rekonstruktionen auch für andere Gebiete. 
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1 Introduction 
Climate projections predict remarkable changes in precipitation extremes over 
southern Africa (IPCC, 2013). These precipitation extremes comprise an increase in 
the occurrence of droughts and floods, following the wet-gets-wetter and dry-gets-
drier paradigm (Held and Soden, 2006). Further, a general warming trend of up to 6K 
by the end of the 21th century is predicted compared to the climatological mean 
temperature of the period 1961-1990 (Hudson and Jones, 2002; Haensler et al., 
2011; Li et al., 2015). However, global and regional climate models contain large 
uncertainties (e.g. He and Soden, 2016). For instance, an equatorward shift of the 
Southern Hemisphere Westerlies (SHW) is suggested to supply more moisture to the 
southwestern tip of South Africa and block Agulhas leakage into the Atlantic Ocean 
(Biastoch et al., 2009). In contrast, other model analyses imply an increase of 
Agulhas leakage with equatorward shift and strengthening of the SHW (Durgadoo et 
al., 2013), which in turn would affect the heat balance and moisture availability in 
western southern Africa. While climate projections generally agree on a global 
warming trend its implications on the climate balance, such as tipping points, remain 
unclear.  
Understanding historical climate changes is a key to understand the mechanisms 
behind changes of the climate system in general. As an epoch that experienced a 
similar climate to present day, the Holocene from 11,700 years BP to present suits 
well to investigate these mechanisms (e.g. Elsig et al., 2009; Johnsen et al., 2001; 
Masson et al., 2000). Numerous studies use lacustrine and marine archives (e.g. 
Caniupán et al., 2014; Garcin et al., 2007; Mayewski et al., 2004 and refrences 
therein) as well as model simulations (e.g. Brovkin et al., 2002; Dallmeyer et al., 
2013; Renssen et al., 2005) for the Holocene to investigate the mechanisms behind 
past climatic changes.  
From South Africa, only few continuous and high-resolution terrestrial archives exist 
due to semi-arid to arid conditions. Existing archives are mostly restricted to the 
eastern (e.g. Holmgren et al., 2003; Kristen et al., 2010; Truc et al., 2013), the 
southern (e.g. Chase et al., 2013; Wündsch et al., 2016) and the western coastal 
areas (e.g. Scott and Woodborne, 2007; Valsecchi et al., 2013) of South Africa. 
Marine archives on continental shelves often contain terrestrial material due to 
aeolian or riverine input (Romankevich, 1984; Hedges et al., 1997; Schlünz and 
Schneider, 2000). Therefore, marine archives are suitable for investigations of 
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terrestrial palaeoenvironmental conditions, even in semi-arid to arid regions (e.g. 
Castañeda et al., 2009; Hanebuth et al., 2013). Choosing suitable marine archives 
that contain past climate information from these semi-arid to arid regions can provide 
valuable information to improve our understanding of the climate system. However, 
different to lacustrine archives, identifying the sediment origin challenges the use of 
marine archives because they usually comprise large catchments for several 
reasons. First, large rivers that transport terrestrial material to the continental 
shelves, such as the Amazon, Congo or Orange rivers, tend to have larger catchment 
areas than lakes (Holeman, 1968 and references therein). Second, wind-driven 
transport can deposit dust from desert regions remotely in the marine realm (e.g. 
deMenocal et al., 2000; Deplazes et al., 2014; Prospero et al., 2002). For these 
reason, the source region of organic and inorganic environmental proxies needs to 
be known in order to adequately interpret their signal. Inorganic and organic 
terrestrial material in the same marine archive can have different source regions, a 
circumstance to consider especially for large catchment areas (Schefuß et al., 2011; 
Just et al., 2014; Häggi et al., 2016). For these reasons, this thesis focuses not solely 
on reconstructing palaeoenvironmental conditions of the semi-arid southern Africa 
during the Holocene, but also on applying a source-to-sink approach of terrestrial 
organic material deposited on the continental shelf of western South Africa – a 
valuable marine archive to shed light on the history of southern Africa’s continental 
climate. 
 
1.1 Regional setting of southern Africa 
1.1.1 Atmospheric and oceanic circulation 
The main drivers of the modern climate of the southern African continent consist of 
large oceanic and atmospheric circulation patterns (Figure 1-1). The atmospheric 
circulation patterns include the Intertropical Convergence Zone (ITCZ), the Congo Air 
Boundary (CAB) as well as the Southern Hemisphere Westerlies (SHW) and the 
southeast (SE) trades. These circulation systems shift locally with respect to season. 
The ITCZ is positioned at about 15-18°N during the austral winter, and migrates 
during the austral summer to about 5-6°N in western Africa and about 15-20°S in 
eastern Africa. The CAB migrates with the ITCZ further south during austral summer. 
The CAB marks the zone at which moist air masses converge from Atlantic Ocean 
and Indian Ocean. Therefore, the CAB separates western southern Africa mostly 
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from the influence of the South Indian Anticyclone (SIA) as moisture source. Instead, 
moisture from the Atlantic Ocean is transported, mostly during austral winter, to the 
southwestern tip of South Africa by the SHW associated with the South Atlantic 
Anticyclone (SAA). During austral summer, alongshore southeasterly trade winds 
occur in western South Africa (Tyson and Preston-Whyte, 2000). Along the coasts, 
the so called Berg wind represents an important local feature. Induced by a land-
ocean temperature gradient (Tyson and Preston-Whyte, 2000), the Berg wind blows 
from the land to the ocean and can transport dust to the adjacent shelf region 
(Tlhalerwa et al., 2005).  
The main oceanic circulations around southern Africa include the warm Agulhas 
current and the cold Benguela current (Figure 1-2). The Benguela current flows 
northward along the west coast of southern Africa. In addition, Ekman transport 
caused by SE trade winds induces upwelling of cold nutrient-rich water at the west 
coast (Shannon and Nelson, 1996; Tomczak and Godfrey, 2013). In contrast, the 
eastern and southern coasts of southern Africa are influenced by the warm Agulhas 
current. High sea surface temperatures (SST) influence the regional land-ocean heat 
flux and therefore the precipitation variability in southern Africa (e.g. Richard et al., 
2001; Walker, 1990). It has been found that stronger onshore winds and SST-
induced convection of warmer and moister air increase precipitation over land (e.g. 
Landman and Mason, 1999; Mason, 1995; Walker, 1990).  
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Figure 1-1: Low level atmospheric circulation patterns over Africa during the austral winter (left) and the 
austral summer (right) (adapted from Gasse et al., 2008; modified after Nicholson, 1996). NAA, North 
Atlantic Anticyclone; SAA, South Atlantic Anticyclone; AA, Arabian Anticyclone; SIA, South Indian 
Anticyclone; L, major low pressure cells; WAM, West African Monsoon; NEM, Northerly East African 
Monsoon; SEM, Southerly East African Monsoon. Dotted and dashed lines represent the Intertropical 
Convergence Zone (ITCZ) and Congo Air Boundary (CAB), respectively. In vertical cross section: SHC, 
Southern Hadley Cell; NHC, Northern Hadley Cell. 
 
1.1.2 Variability of precipitation and temperature in southern Africa 
The interplay between atmospheric and oceanic circulation systems leads to a 
pronounced seasonality in precipitation (Figure 1-2). Most of the southern African 
region, which includes the interior and eastern southern Africa, is influenced by the 
rain-bearing easterlies. The easterlies supply most of the accumulated precipitation 
during the austral summer months. Therefore, these regions with more than 66% 
mean annual precipitation (MAP) during austral summer are called summer rainfall 
zone (SRZ; Chase and Meadows, 2007). Highest annual precipitation amounts of ca. 
1200 mm occur in the eastern coastal parts as well as in the Drakensberg Mountains 
with a gradual decrease to less than 100 mm toward the interior and western parts of 
southern Africa (Figure 1-2). The timing of the main wet season shifts from the main 
summer months in the east (Figure 1-3 ) to the autumn months in the interior. In 
contrast, southwestern southern Africa receives more than 66% of its MAP during the 
austral winter (Figure 1-3) and is called winter rainfall zone (WRZ). The highest 
annual precipitation amounts to ca. 1100 mm at the southwestern tip of southern 
Africa and gradually decreases to less than 50 mm further north towards Namibia. At 
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the western coasts and western mountain ridges in the WRZ, fog and dew represent 
important moisture sources, especially during austral winter (Olivier, 2002; Cermak, 
2012; Matimati et al., 2013).  
The mean annual air temperature (MAT) varies from about 5°C in the higher 
mountain ridges to 19°C in coastal regions as well as up to 23°C in the northwestern 
part of southern Africa. Most of the interior of southern Africa experiences MATs 
between 15 and 19°C (Hijmans et al., 2005). High temperatures in the interior and 
western parts of southern Africa induce high potential evapotranspiration (PET) rates 
(Hijmans et al., 2005; Trabucco and Zomer, 2009). 
 
 
Figure 1-2: Map of mean annual precipitation (MAP) in southern Africa. The three different rainfall zones 
(WRZ, YRZ, SRZ) are indicated (black lines). The mean oceanic (blue arrows) and atmospheric (red 
arrows) circulation are shown. The grey shaded area indicates the mudbelt offshore western South 
Africa. MAP data are obtained from Hijmans et al., 2005. 
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Figure 1-3: Climate diagrams of Johannesburg and Cape Town as examples for the differences between 
the summer rainfall (SRZ) and winter rainfall (WRZ) zones, respectively. Mean monthly precipitation is 
shown in blue and mean monthly temperature in red (based on 30 years average from 1961-1990). Data 
obtained from the World Meteorological Organization (WMO) Programme World Weather Information 
Service (WWIS: worldweather.wmo.int) provided by the South African Weather Service. 
1.1.3 Vegetation variability in southern Africa 
The southern African climate generates different vegetation communities. The unique 
floral-rich Fynbos Biome dominates the southwestern tip of South Africa. The 
combination of winter precipitation and summer drought makes the Fynbos to a 
Mediterranean-type biome that is mostly located at western shores of continents 
(Mucina and Rutherford, 2006). Further to the north in the WRZ, the Fynbos Biome is 
bounded by the Succulent Karoo Biome. The Succulent Karoo Biome is worldwide 
the most species-rich semi-desert and with the highest diversity of crassulacean acid 
metabolism (CAM) succulent plants (Mooney et al., 1977; Werger and Ellis, 1981; 
Mucina and Rutherford, 2006). From west to east, the vegetation changes from 
Succulent Karoo through Nama Karoo and Savanna biomes to the grassier region in 
the interior parts as well as the Indian Coastal Belt Biome in eastern and 
southeastern South Africa (Figure 1-4). The fraction of CAM plants decreases from 
ca. 70% vegetation coverage in the west (at 30°S, Succulent Karoo Biome) to less 
than 5% vegetation coverage in the east (Figure 1-5; Grassland Biome). While C4 
plants are less important in Succulent Karoo, they become increasingly important 
further east, especially in the Grassland Biome (Figure 1-5; Werger and Ellis, 1981). 
In contrast, the cool, high-altitude grassland of the Drakensberg Mountains as well as 
the Fynbos Biome are dominated by woody C3 plants and C3 grasses (Vogel et al., 
1978; Scott and Vogel, 2000). 
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Figure 1-4: Map of southern Africa showing the different biomes (after Mucina and Rutherford, 2006; Scott 
et al., 2012). 
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Figure 1-5: Importance of the three photosynthetic pathways in South Africa along a west-east transect at 
30°30’ S. The importance of the pathways are shown as (a) percentages of the flora and as (b) percentage 
of their contribution to the vegetation (modified after Werger and Ellis, 1981). W and E indicate west and 
east, respectively. °EL indicates the longitude. 
1.1.4 Namaqualand mudbelt offshore western South Africa 
The Namaqualand mudbelt, often referred to as mudbelt, marks a prominent 
terrestrial sediment package along the shelf offshore western South Africa (Figure 
1-2). It stretches 500 km from about 20 km north of the Orange River mouth 
southward to St. Helena Bay. The mudbelt is of Holocene age and reaches a 
thickness from 35 m in the north to about 2 m in the south (Birch, 1977; Rogers and 
Bremner, 1991; Meadows et al., 2002; Schneider et al., 2003; Rogers and Rau, 
2006). With about 93% of modern annual fluvial input onto the western shelf, the 
Orange River is the main supplier for sediments (Birch et al., 1991). A poleward 
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undercurrent transports the mud fraction of the suspended material delivered by the 
Orange River southwards (Birch et al., 1991; Rogers and Bremner, 1991; Mabote et 
al., 1997). The Orange River as the largest river in South Africa comprises a 
catchment area of about 106 km2 and delivers an annual sediment volume of 106 × 
106 m3 (Birch et al., 1991; Compton et al., 2010). The Orange River drains much of 
the interior of the southern African SRZ from Pretoria and the Drakensberg 
Mountains in the east toward Windhoek, Namibia, in the north. The main source of 
transported suspended material by the Orange River is suggested to be the Karoo 
sedimentary rock (upper Beaufort and Stormberg groups) as well as soils of the 
Drakensberg Mountains attributed to higher weathering and erosion rates caused by 
more precipitation in the eastern catchment (Le Roux, 1990; Mabote et al., 1997; de 
Villiers, 2000; Compton and Maake, 2007). In contrast, the annual fluvial input from 
the other, partly ephemeral rivers along the west coast remains very low with highest 
annual input by the perennial Olifants River (Birch et al., 1991) that drains the 
southern reaches of the WRZ (Figure 1-2). However, the Olifants River and the Berg 
River form the dominant sediment source in the southern part of the mudbelt (Birch, 
1977). Aeolian input, induced by Berg winds and SE trade winds, might contributes 
as an additional terrestrial source to the mudbelt (Tyson and Preston-Whyte, 2000; 
Weldeab et al., 2013). However, aeolian input is suggested to be low south of 25°S 
(Prospero et al., 2002; Dupont and Wyputta, 2003). On late Quaternary timescales, 
however, inconsistencies between marine (Shi et al., 2001; Urrego et al., 2015) and 
terrestrial pollen records (Scott et al., 1995, 2004; Lim et al., 2016) as well as 
significant changes in the wind strength along the western coastal margin imply that 
aeolian input was more significant than today (Stuut et al., 2002; Farmer et al., 2005; 
Pichevin et al., 2005). 
 
1.2 Climate variability during the Holocene 
1.2.1 External forcing mechanisms 
External natural forcing mechanisms show periodic or quasi-periodic variations and 
are of importance for global climatic changes in the past (Hays et al., 1976; Imbrie et 
al., 1984, 1992). They influence the amount of incoming solar radiation, known as 
insolation. The forcing mechanisms include the variation in the distance of the earth 
from the sun, which was first described by Milanković (1941). The following three 
mechanisms mainly affect the earth-to-sun distance and, thus, the amount of 
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insolation. First, the eccentricity denotes the change of the earth’s orbit from a 
circular to an elliptical orbit with a period of about 100 ka. Second, the obliquity 
describes the tilt of the earth’s axis which varies between 22.04° and 24.45° on a 
41 ka period. Third, the precession indicates the orientation of the earth’s rotational 
axis with cycles of 19 and 23 ka (Hays et al., 1976; Imbrie et al., 1984; Berger and 
Loutre, 1991; Laskar et al., 1993, 2004, 2011). From these three orbital forcings the 
precession has the shortest recurrence time and, thus, most strongly impacts the 
insolation during the Holocene (e.g. Kutzbach and Liu, 1997; Partridge et al., 1997; 
Shulmeister, 1999). Additionally, also the obliquity has been found to play a role for 
the Holocene climate (Crucifix et al., 2002). On this time scale, the insolation intensity 
was lowest during the early Holocene and peaks at ca. 1.500 years BP during austral 
summer (Berger and Loutre, 1991). As a consequence of the enhanced insolation 
intensity, the land-sea thermal gradient over southern Africa strengthens due to a 
stronger heating of the landmasses, which results in a stronger easterly flow (Zhang 
et al., 2015). It has been, however, shown that not only the local insolation alone, but 
also the latitudinal insolation gradient (LIG) driven by the obliquity (Raymo and 
Nisancioglu, 2003) can triggers climate changes (Loutre et al., 2004; Davis and 
Brewer, 2009; Bosmans et al., 2015). Changes in the LIG lead to changes in the 
latitudinal heat transport that alters the atmospheric circulation. For instance, climate 
models show that stronger heating in the tropics results in a stronger and narrower 
Hadley Cell with an intensified subtropical jet, which shifts the Hadley Cell 
equatorward (Chang, 1995; Seager et al., 2003). In contrast, stronger heating in the 
mid- and high latitudes induces a poleward extension of the Hadley Cell due to a 
more stable subtropical jet at its poleward edge (Lu et al., 2007). Consequently, such 
a shift of the Hadley Cell would result in a shift of the rain-bearing wind systems.  
On shorter timescales, the solar activity turned out to be an additional driver for 
(rapid) climate changes on the Holocene timescale (Wanner et al., 2011, 2008; and 
references therein). Several studies linked lower solar activity to cooler climate (e.g. 
Bond et al., 2001; Gray et al., 2010; Mayewski et al., 2004). For instance, the Little 
Ice Age (LIA, ca. 200 – 650 yr BP; Nash et al., 2016; and references therein) 
coincides with the timing of the so called Maunder Minimum (235 – 305 yr BP; Lean 
and Rind, 1999; Mann et al., 2009; Rabatel et al., 2008; Shindell et al., 2001). 
Additionally, volcanic forcing is suggested to be also responsible for short-term 
climate changes (e.g. Wanner et al., 2011, 2008). For instance, the beginning of the 
1 Introduction 
 
11 
LIA marked by the abrupt onset of ice cap and sea ice growth in Arctic Canada and 
Iceland coincides with enhanced volcanic activity (Miller et al., 2012). 
1.2.2 Climate change in southern Africa during the Holocene 
Numerous studies have been carried out to reconstruct the environmental conditions 
in southern Africa during the Holocene. The different climatic conditions in the SRZ 
and WRZ that lead to the modern differences in precipitation source and intensity as 
well as ecology (described in Chapter 1.1), are also responsible for spatial-temporal 
environmental changes. Figure 1-6 summarizes palaeoenvironmental records from 
South Africa, which are further described in this subchapter. Several records show 
that, in general, precipitation and temperature patterns were in opposing in the WRZ 
and the SRZ. Roughly, the SRZ experienced cold and dry conditions during the early 
Holocene, warm and wet conditions during mid-Holocene and partly drier conditions 
during the late Holocene. In contrast, the WRZ was characterized by cold and wet 
conditions during the early Holocene, warm and dry conditions during the mid-
Holocene and wetter conditions during the late Holocene. These differences may be 
attributed to the latitudinal shifts of the rain-bearing westerlies and easterlies. For 
instance, studies suggest that during cold periods Antarctic sea ice expansion shifts 
the westerlies equatorward and transports more moisture and precipitation to 
southwestern South Africa (e.g. Chase et al., 2013; Chase and Meadows, 2007; 
Etourneau et al., 2013; Scott and Woodborne, 2007; Weldeab et al., 2013; Zhao et 
al., 2016). In contrast, the SRZ experienced drier conditions due to the equatorward 
shift of the atmospheric circulation and a SST cooling along the eastern coast (e.g. 
Chevalier and Chase, 2015; Hahn et al., 2015; Holmgren et al., 2003; Lyons et al., 
2014; Partridge, 1997; Weldeab et al., 2014; Zhao et al., 2016). 
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Figure 1-6: Map of southern Africa (upper figure) showing the different biomes (after Mucina and 
Rutherford, 2006; Scott et al., 2012) and the locations of the terrestrial archives for the Holocene showing 
in the lower figure. This is not an exhaustive compilation but showing the most complete records for the 
Holocene: (1) West Coast (Chase and Thomas, 2006), (2) Southwestern (SW) Cape (Klein, 1991), (3) 
Verlorenvlei (VV) (Stager et al., 2012), (4) Elands Bay (EB) Cave (Klein, 1991), (5) Verlorenvlei (VV; 
Meadows et al., 1996, 1994), (6) Klaarfontein (KF; Carr et al., 2015; Meadows and Baxter, 2001), (7) 
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Princess Vlei (PV; Neumann et al., 2011), (8) Pakhuis Pass (PP; Scott and Woodborne, 2007), (9) De Rif 
(DF; Valsecchi et al., 2013), (10) Katbakkies (KB) Pass (Chase et al., 2015b), (11) Pella (Lim et al., 2016), 
(12) Erfkroon (Lyons et al., 2014), (13) Florisbad (Scott and Nyakale, 2002), (14) Blydefontein (Scott et al., 
2005), (15) Lesotho (Parker et al., 2011), (16) Braamhoek (Norström et al., 2009), (17) Wonderwerk (WW) 
(Brook et al., 2010), (18) Cold Air (CA) Cave at Makapansgat (Repinski et al., 1999), (19) Cold Air (CA) Cave 
at Makapansgat (Holmgren et al., 2003), (29) Lake Tswaing (Schmidt et al., 2014), (21) Wonderkrater (Truc 
et al., 2013). 
1.2.2.1 Early Holocene 
During the early Holocene cool and wet conditions has been reconstructed by several 
studies. Pollen, δ15N and δ13C of hyrax middens in the Cederberg Mountains indicate 
humid conditions with a discrete dry period between 8.5 and 8.0 ka BP (Chase et al., 
2011; Valsecchi et al., 2013). These findings agree with investigations of fossil cape 
dune mole rats in Elands Bay Cave (Klein, 1991) as well as a marine sediment core 
offshore western South Africa (Weldeab et al., 2013).  
Opposite conditions were found for the SRZ. Pollen analyses from the marine 
sediment core GeoB8331-4 reveal relatively low summer precipitation (Zhao et al., 
2016). δ18O and δ13C records from Stalagmites in Makapansgat Valley show an 
increase in C3 woody vegetation and decrease in C4 grass cover until 8.4 ka BP 
which indicate a drier environment sparsely covered with vegetation (Holmgren et al., 
2003). These conditions are also reported in Lake Tswaing, where investigations of 
compound-specific isotope and pollen suggest drier conditions until ca. 7.5 ka BP 
(Kristen et al., 2010; Metwally et al., 2014). Moreover, Kristen et al. (2010) reported a 
C3 dominated vegetation and/or a lower abundance of C4 plants and macrophytes. 
Metwally et al. (2014) found a slightly wetter phase at ca. 8.2 ka BP due to an 
increase of Burkea, Typha and Cyperaceae pollen. A severe drought phase was 
observed between 8.2 and 7.8 ka BP at Lake Tswaing (Metwally et al., 2014). Pollen 
records from Braamhoek wetlands suggest a wet phase between 10.5 and 9.5 ka BP 
and a continuous drying until 8.5 ka BP (Norström et al., 2009), whereas biological 
and geological proxies indicate a longer wet phase between 10.2 and 8.5 ka BP 
(Norström et al., 2014). A growth hiatus in the Wonderwerk stalagmite core between 
13.3 and 4 ka BP is interpreted as a consequence of arid conditions (Brook et al., 
2010). This is coincides with enhanced dune-building in the Witpan area of 
southwestern Kalahari (Telfer and Thomas, 2007). 
1.2.2.2 Mid-Holocene 
Generally, maximum Holocene warming occurred in both rainfall region between 8 
and 5 ka BP (Partridge, 1997). Several studies imply warmer and drier conditions in 
the WRZ during the mid-Holocene (Klein, 1991; Meadows and Baxter, 2001; Chase 
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and Meadows, 2007). High-resolution pollen records from hyrax midden in the 
Cederberg Mountains suggest humid conditions until 6.3 ka BP and then a shift 
towards drier conditions until 4.6 ka BP (Valsecchi et al., 2013). In contrast, Cohen & 
Tyson (1995) and Chase et al. (2015) reconstructed humid conditions from 6 to 
4.7 ka BP and 6.9 to 5.6 ka BP, respectively, in the southwestern Cape of the WRZ. 
Similar findings of increasing moisture are evident from a record at Pakhuis pass, 
inducing a weak shift to more summer rain (Scott and Woodborne, 2007). Moreover, 
the hyrax midden record of Chase et al. (2015) shows also a humid phase between 
4.7 and 3.2 ka BP which disagrees with the general idea of a dry mid-Holocene WRZ. 
Chase et al. (2015) attributed these changes in the humidity to a higher summer 
precipitation contribution.  
Pollen analyses of GeoB8331-4 suggest an increase of precipitation in the SRZ from 
early to mid-Holocene (Zhao et al., 2016), which confirms earlier findings of 
increased Orange River discharge attributed to increased precipitation (Hahn et al., 
2015). In northeast South Africa and Namibia, the SRZ was characterized by 
enhanced precipitation (Scott et al., 2003; Chase et al., 2009; Norström et al., 2009) 
and a final period of dune extension at 7 ka BP in the southwestern Kalahari 
dunefield (Telfer, 2011). Higher δ 13C of n-alkanes in Lake Tswaing between 7.5 ka 
and 5.5 ka BP are point at an increasing proportion of C4 vegetation (Kristen et al., 
2010). Holmes et al. (2008) report enhanced lunette dune accumulation in a panfield 
in the western Free State (South Africa) from 5 to 3.5 ka BP due to arid conditions 
and/or sediment availability to the wind. However, they also suggest relatively warm 
and moist conditions at 4.5 to 3.5 ka BP due to peat accumulation and soil formation. 
The Braamhoek record (Norström et al., 2014) indicates dry conditions between 6 
and 2 ka BP, which falls in the dry time period reported from western Free State 
(Holmes et al., 2008). Additionally, Holmgren et al. (2003) found evidence of gradual 
cooling between 6 and 3 ka BP, which is in contrast to a reconstructed warm and 
humid climate during the mid-Holocene in KwaZulu Natal (Neumann et al., 2008). 
SSTs around southern Africa and eastern South Africa generally decreased during a 
period between 6 and 5 ka BP while Antarctic ice core records suggest an 
intensification of atmospheric circulation and decreasing temperatures at this time 
(Mayewski et al., 2004). 
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1.2.2.3 Late Holocene 
Records from the late Holocene show a less consistent picture for the different 
rainfall zones. In the WRZ, pollen records from Lake Verlorenvlei and Cederberg 
mountains indicate a slight cooling and an increase in humidity during the Late 
Holocene (Meadows & Baxter 2001; Valsecchi et al. 2013). On the opposite, the 
Spitzkoppe hyrax middens record, from Namibia, shows arid conditions until 300 
years BP (Chase et al., 2009). Drier conditions are found in the western cape region 
in the periods of 4.1 – 3.4 ka, 2.6 – 1.9 ka and 350 – 80 years BP at Princess Vlei 
and between 4.0 to 3.8 and 3.2 to 2.7 ka BP in the Swartruggens Cederberg 
Mountains (Neumann et al., 2011; Chase et al., 2015b). Wetter phases in the 
western cape region are reconstructed from 3.4 – 2.6 ka and 1.9 -1.0 ka BP 
(Neumann et al., 2011). This is inconsistent with a pollen record from Cederberg 
Mountains, which indicates a slight increase in humidity at 3.2, 2.2 and 0.8 ka BP 
(Valsecchi et al., 2013). The LIA is found to be characterized by wetter conditions 
(Hahn et al., 2015; Zhao et al., 2016).  
In the SRZ, the high-resolution record from the Makapansgat stalagmites indicates a 
cool and grassy environment between 3 and 2 ka BP with a change to warmer and 
wetter conditions between 1.2 and 0.6 ka BP, which is partially supported by pollen 
records from Braamhoek wetland and Blydefontein (Scott et al., 2005; Norström et 
al., 2009). Additionally, a pollen record from Lake Sibaya, KwaZulu Natal eastern 
coast suggests moist but cooler conditions during the Early Stone Age from 1.5 to 1.3 
ka BP (Neumann et al., 2008). A wet phase with MAP of about 600 to 700 mm was 
observed at Erfkroon, Modder River (Central South Africa) around 830 years BP 
(Lyons et al., 2014). Holmes et al. (2008) reported lunette development in the 
western Free State from 2 – 1 ka BP. Furthermore, a cool, dry event occurred from 
500 to 200 years BP, which is related to the LIA (Holmgren et al., 2003; Hahn et al., 
2015; Zhao et al., 2016). This is consistent with a stalagmite record from 
northeastern Namibia, inferring drier conditions between ca. 500 and 260 years BP 
(Voarintsoa et al., 2016).  
1.2.2.4 Possible causes for climate changes during the Holocene 
Paleoenvironmental changes found in the records are mainly associated with 
changes in the austral summer insolation with an insolation minimum during the early 
Holocene, resulting in cool and dry conditions in the SRZ as well as cool wet 
conditions in the WRZ ( e.g. Norström et al., 2009; Partridge et al., 1997; Scott et al., 
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2012; Zhao et al., 2016). Nevertheless, the overprinting of influences other than 
insolation needs to be considered. Tyson & Preston-Whyte (2000) mention that cool 
periods were always longer in the southern part of South Africa than in the northern 
part, while warmer periods were longer in the northern part. This partitioning relates 
to the expansion and contraction of the tropical easterlies and the westerlies. If the 
precipitation pattern follows the insolation forcing, one would expect subtropical 
easterlies to provide more precipitation to the SRZ with a peak at around 2 ka BP 
(Holmgren et al., 2003; Scott et al., 2012). Due to an enhanced meridional 
temperature gradient between equator and South Pole, the ITCZ moves southwards, 
which leads to an intensified tropical forcing on the climate of southern Africa (Tyson 
and Preston-Whyte, 2000). But as Scott et al. (2012) mentioned, most of the records 
of southern Africa show relatively dry conditions during this time period. The cause 
for this drought over southern Africa could be a more frequent occurrence of El Niño 
circulation. Reason & Rouault (2002) showed that El Niño had a strong influence in 
South African precipitation during the last century. During an El Niño event, high-
pressure anomalies occur over Southern Africa and the Indian Ocean/ Australian 
region. This leads to drier conditions due to the weakening of the wind strength and, 
therefore, decreased advection of moist maritime air over eastern South Africa 
(Reason and Rouault, 2002). Studies link the South African precipitation to the Indian 
Ocean Dipole (IOD) system. A positive mode of the IOD leads to wetter conditions in 
south-eastern Africa (Reason and Rouault, 2002). Also, El Niño like SST anomalies 
are found to be responsible for precipitation anomalies over the southern African 
continent (Reason and Rouault, 2002; Zhang et al., 2015). Further, during El Niño 
like conditions, the Hadley Cell circulation is more intense due to a stronger and 
narrower tropical heating (Lu et al., 2007). This would result in a stronger and 
narrower Hadley Cell and an intensified subtropical jet, which shifts the Hadley Cell 
equatorward (Chang, 1995; Seager et al., 2003). Under global warming conditions, 
the subtropical jet tends to be more stable at the poleward side of the Hadley Cell 
and results in a poleward extension of the Hadley Cell (Lu et al., 2007). Further, the 
position of the westerlies plays an important role for oceanic circulations. An 
equatorward shift of the westerlies would lead to reduced upwelling in the Benguela 
Upwelling System (BUS) and an inhibited through-flow of the Agulhas current 
(Partridge et al., 2004; Stager et al., 2012). On the opposite, a poleward shift of the 
westerlies and strengthening of the easterlies would lead to idensified coastal 
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upwelling and, therefore, to drying in this region (Chase et al., 2009). Further, 
findings from a record in central South Africa show evidence of the importance of 
Indian Ocean SST rather than latitudinal position of the atmospheric circulation as a 
primary control of the environmental conditions (Lyons et al., 2014).  
Solar activity constitutes another possible forcing for climate change during the 
Holocene (Mayewski et al., 2004; Chase et al., 2009; Voarintsoa et al., 2016). 
Mayewski et al. (2004) claim that phases of rapid climate change during the mid- and 
Late Holocene are linked to changes in solar activity. Furthermore, rapid aridification 
events (ca. 4.8 & 2.7 ka BP) found in the Spitzkoppe hyrax middens record in 
western central Namibia are coincide with abrupt decreases in solar activity (Chase 
et al., 2009). This contrasts findings in north-eastern Namibia suggesting wetter 
conditions during periods of lower solar activity (Maunder & Dalton Minimum). 
However, this observation is only valid for the last 400 years (Voarintsoa et al., 2016). 
Another overprint of the insolation forcing might be anthropogenic disturbances, 
especially over the last few hundred years (Leduc et al., 2010; Neumann et al., 2011; 
Stager et al., 2012; Zhao et al., 2016). Alkenone-based SST reconstructions from the 
domain near the Orange River mouth show a sharp decrease in SST over the last 50 
years which is attributed to anthropogenic global warming (Leduc et al., 2010). 
1.3 Scientific approach and objectives 
South Africa is located in a key position of atmospheric and oceanic circulation 
systems, creating a sensitive climate region. As predicted by climate models, climate 
warming will strongly affect South Africa, most likely due to increasing precipitation 
extremes (IPCC, 2013). This will not only impact the human society dealing with 
floods and droughts, but also the environment. However, to better predict such future 
climate changes, understanding past climate changes is crucial. To reconstruct past 
climate conditions, marine and terrestrial archives represent essential tools. 
However, as summarized in chapter 1.2.2, records are partly inconsistent and partly 
show opposing trends, even in the same rainfall zone as shown by a compilation of 
pollen archives in the SRZ (Chevalier and Chase, 2015). Further, records available 
from eastern, southern and western South Africa are often of poor resolution and/or 
discontinuous. In addition, there is a lack of suitable high-resolution archives from the 
interior and north-western South Africa. This is attributed to the semi-arid to arid 
conditions hampering the formation of suitable terrestrial archives in this region. As 
the interior and north-western of South Africa remarks the transition zone between 
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the SRZ and WRZ it is of interest for studying past climatic conditions. This lack can 
be closed with marine sedimentary archives. The mudbelt offshore western South 
Africa consists of Holocene terrestrial material mostly transported by the Orange 
River and provides high-resolution records. This makes the mudbelt to a suitable 
target to investigate Holocene climate dynamics. The project “Regional Archives for 
Integrated Investigations” (RAiN) deals with the interdisciplinary investigation of 
climate evolution and its dynamic in southern Africa during the Late Quaternary. 
Within RAiN, this thesis aims to give further insights into Holocene climate dynamics 
in southern Africa. Therefore, the marine sediment core GeoB8331-4 from the 
northern mudbelt is used for this thesis. It is found that terrestrial inorganic material 
delivered by the Orange River originates mostly from the Drakensberg Mountains (Le 
Roux, 1990; Mabote et al., 1997; de Villiers, 2000; Compton and Maake, 2007). More 
recently, it is suggested that also input from the tributaries (e.g. Molopo and Fish 
River) of the Orange River may be significant, especially during wetter phases in the 
sub-catchments (Hahn et al., 2015). However, no source-to-sink approach for the 
terrestrial organic material exists so far for the mudbelt sediments. Parallel pollen 
analyses of the mudbelt sediments within the RAiN project suggest that pollen 
originate predominantly from the interior of the SRZ and not from the Drakensberg 
Mountains in the easternmost catchment of the Orange River (Zhao et al., 2015). To 
investigate the sources of terrestrial organic material in the mudbelt, plant wax 
derived long-chain n-alkanes will be used as they are solely produced by higher 
terrestrial plants. The compound-specific stable carbon (δ13C) and hydrogen (δD) 
isotopes of these n-alkanes are often used to reconstruct changes in past vegetation 
and hydrology, which is further described in chapter 2 (sub-chapters 2.1.5 – 2.1.7). 
Besides the two main objectives of this thesis to 1) investigate the source and the 
possible overprint during transport of the terrestrial organic material deposited in the 
mudbelt offshore western South Africa by using modern soils, fluvial samples as well 
as marine surface sediment samples and 2) reconstruct the Holocene vegetation and 
hydrologic variability in the source region of the terrestrial organic material and to 
identify possible drivers for these changes, also 3) the applicability as 
palaeohydrological recorder of the used compound-specific δD has to be verified for 
South Africa. 
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1.4 Thesis Outline 
The objectives of this thesis are addressed in three manuscripts (chapter 3 – 5). They 
are published (chapter 3), under review (chapter 4) or in preparation (chapter 5) for 
publishing in peer-review journals. Chapter 3 addresses the source-to-sink approach 
of terrestrial organic material deposited in the mudbelt offshore western South Africa. 
Chapter 4 addresses the applicability of the compound-specific δD composition of 
leaf wax n-alkanes as palaeohydrological recorder by investigating δDw ax in soils 
across different climatic transects. While chapter 3 and 4 deal with the modern 
conditions, chapter 5 addresses Holocene environmental changes and its drivers in 
southern Africa with respect to the findings and implications of modern environmental 
conditions. Chapter 6 summarizes the findings of the thesis and implications for 
further research.  
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2 Material and methods 
Materials used for this thesis are introduced in the following paragraph. Locations of 
the used samples are shown in Figure 2-1. Further, the basic concepts of the used 
methods are explained. An overview of the analytical procedure is shown in Figure 
2-2 and detailed descriptions are given in the corresponding method sections in 
chapters 3, 4 and 5.  
2.1.1 Soil samples 
The soil samples used for this thesis were collected during different field campaigns 
in 2010, 2012 and 2013 within the frame of HYRAX project (European Research 
Council (ERC) grant) and the Leverhulme Trust grant “Novel biomolecular insights to 
dryland ecosystems dynamics”. The samples were provided by Dr. Andrew Carr and 
Dr. Arnoud Boom from the University of Leicester and Dr. Brian Chase from the 
Centre National de Recherche Scientifique. The soil samples were already freeze 
dried at the University of Leicester. The sample set used for this thesis consists of 71 
soil samples from 50 different locations. 
2.1.2 River samples 
Suspension loads and flood deposits used for this thesis were collected from the 
Olifants-, Buffels- and Holgat River along the westcoast of South Africa as well as the 
Orange River during a field campaign in March 2014. As the both ephemeral rivers, 
Buffels and Holgat River, were dried during the field campaign, suspension loads 
could obtained from the Olifants and the Orange River only. The suspension loads 
were retrieved by centrifuging 100 L of pumped river water and collected in 
combusted glass jars. Most of the flood deposits were collected in combusted glass 
jars, while some were collected in bags. In total, 7 suspension loads and 15 flood 
deposits were used for this thesis, respectively.  
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Figure 2-1: Map showing the locations of the marine sediment core GeoB8331-4 (red star), marine surface 
sediments (blue dots), river samples (red dots) and soils (black dots). The biomes (coloured area; after 
Mucina and Rutherford, 2006; Scott et al., 2012) and the three different rainfall zones are indicated (black 
lines). 
2.1.3 Marine sediments and sediment archives 
The marine sediments used for this thesis were retrieved during the Meteor cruise 
M57/1 in January and February 2003 (Schneider et al., 2003). The surface sediments 
used in the source-to-sink (chapter 3) and Holocene study (chapter 5) were obtained 
from nine multicores listed in Table 3-4 in chapter 3. The multicores spans a ca. 400 
km long north-south transect along the westcoast of South Africa. The 889 cm long 
gravity core GeoB8331-4 was retrieved from a depth of 97m (29°08.12S, 16°42.99E) 
near the Holgat River mouth in the northern part of the mudbelt. In total, 78 samples 
were collected from GeoB8331-4 for investigations. 
2.1.4 Age models of the gravity core GeoB8331-4, four multicores and the 
flood deposits 
The age model of the gravity core GeoB8331-4 is based on seven radiocarbon ages 
of mollusc shells, mainly Nassarius vinctus (Herbert and Compton, 2007), and was 
extended by two additional gastropod samples (Hahn et al., 2015). The basal age of 
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the core is ~9.9 ka BP and thus covers most of the Holocene. The upper centimetre 
of the multicores GeoB8331-2 and GeoB8332-3 were dated by using 210Pb 
measurements (Leduc et al., 2010) and retrieved an age not older than three years.  
2.1.5 Long-chain n-alkanes derived by plant leaf waxes 
Land plants produce leaf waxes to protect their leaves against external influences 
like water loss, UV radiation, insects and pathogens or mechanical stress such as 
abrasion by dust (e.g. Eglinton and Hamilton, 1967; Koch and Ensikat, 2008; 
Samuels et al., 2008). One of the major components of leaf waxes are long-chain n-
alkanes (hydrocarbons) with chain length between 21 to 37 carbon atoms, which are 
solely produced by terrestrial plants (Eglinton and Hamilton, 1967; Kolattukudy, 
1970). A typical pattern of long-chain n-alkanes is an odd-over-even predominance 
(Eglinton and Hamilton, 1967; Kolattukudy, 1970), also called carbon preference 
index (CPI) with values higher than 3 typical for plant wax derived n-alkanes (e.g. 
Collister et al., 1994). The n-alkane distribution is suggested to be dependent on the 
vegetation type or climate conditions (Poynter et al., 1989; Meyers and Ishiwatari, 
1993; Vogts et al., 2009; Rao et al., 2011; Bush and McInerney, 2013, 2015; Carr et 
al., 2014). This distribution is often expressed as average chain length (ACL; Poynter 
et al., 1989) or the ratio of specific n-alkane homologues such as the ratio of C29 and 
C31 (e.g. Carr et al., 2014; Schefuß et al., 2003). For instance, African savanna plants 
or C4 grasses were shown, on average, to produce longer chain n-alkanes 
dominated by C31 or C33 than rainforest plants or trees which are dominated by C29 
(e.g. Rommerskirchen et al., 2006; Vogts et al., 2009). Leaf wax derived n-alkanes 
can be transported by wind and fluvial transport to their sedimentary archives (e.g. 
Eglinton and Eglinton, 2008; Poynter et al., 1989; Simoneit, 1986). Besides long-
chain n-alkanes are solely produced by terrestrial plants they are also stable over 
geological timescales which makes them most suitable for palaeoenvironmental 
investigations (Meyers and Ishiwatari, 1993). Therefore, terrestrial leaf waxes and 
their compound-specific isotopes are increasingly used for palaeoenvironmental 
reconstructions of past vegetation and hydrologic changes (e.g. Aichner et al., 2010; 
Collins et al., 2013; Kuechler et al., 2013; Rommerskirchen et al., 2006a, 2003; 
Schefuß et al., 2011). 
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2.1.6 Compound-specific δ13C as vegetation recorder 
The δ13C composition of leaf wax n-alkanes (δ13Cw ax) is different for distinct CO2 
fixation pathways used by distinct plant types. Carbon isotopes of plants using the C3 
(Calvin-Benson) cycle are more 13C-depleted than those from plants using the C4 
(Hatch-Slack) cycle and range typically from -29‰ to -39‰ VPDB (C3) and -14‰ to -
26‰ VPDB (C4), respectively, which results from a more efficient CO2 uptake by C4 
plants (e.g. Bi et al., 2005; Collister et al., 1994; O’Leary, 1988; Rommerskirchen, 
Plader, et al., 2006; Smith & Epstein, 1971). Many palaeoenvironmental studies used 
the δ13Cw ax differences between C3 and C4 plants to estimate changes in the 
vegetation community and as a result changes in continental aridity, since C4 plants 
are generally better adapted to warmer and drier conditions (e.g. Kuechler et al., 
2013; Schefuß et al., 2003; Schmidt et al., 2014; Wang et al., 2013). This might be 
applicable for regions, which consist only of C3 and C4 plants. However, in tropical 
and arid regions the occurrence of the crassulacean acid metabolism (CAM) 
complicates these estimates. CAM plants have an intermediate isotope composition 
between C3 and C4 plants (e.g. Boom et al., 2014; Chikaraishi & Naraoka, 2003; 
Collister et al., 1994; O’Leary, 1988; Mooney et al., 1977) and also occur in southern 
Africa, especially in the western parts (Werger and Ellis, 1981). The δ13Cw ax is not 
only influenced by the initial δ13C of the fixed CO2 and the plant’s photosynthetic 
pathway but also by other effects like variable water use efficiency, the canopy effect 
and the Suess effect (Farquhar et al., 1989 and references therein; van der Merwe & 
Medina, 1991).  
2.1.7 Compound-specific δD as hydrological recorder 
A great advantage of plant leaf waxes is not only the feature to record their 
photosynthetic pathway, but also to yield information about their source water (e.g. 
Douglas et al., 2012; Feakins et al., 2016; Guenther et al., 2013; Sachse et al., 2012, 
2004; Tipple et al., 2015; Wirth and Sessions, 2016). Therefore, compound-specific 
hydrogen isotopes of n-alkanes (δDw ax) are often used as palaeoenvironmental proxy 
as it is found to reflect past precipitation variability (Schefuß et al., 2005, 2011, 
Niedermeyer et al., 2010, 2016; Tierney et al., 2011; Collins et al., 2013, 2014; 
Kuechler et al., 2013; Schmidt et al., 2014; Wirth and Sessions, 2016; Schemmel et 
al., 2016). However, the δDw ax composition is affected by so called primary and 
secondary factors. 
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The primary factor controlling δDw ax is the hydrogen isotope composition of 
precipitation which depends on various environmental processes. These processes 
include the intensity of precipitation (amount effect), the altitude effect, the distance 
which moisture travelled over a continental landmass (continental effect), the 
temperature (temperature effect) and the global ice volume (ice effect) (Dansgaard, 
1964; Gat, 1996; Araguás-Araguás et al., 2000). In detail, the amount effect 
describes the decrease of δDp values with increasing rainfall amount attributed to 
limited re-evaporation of falling rain and recycling of subcloud layer vapour close to 
the active convective system (Dansgaard, 1964; Rozanski et al., 1993; Worden et al., 
2007; Risi et al., 2008). Decreasing δDp values are also caused by air masses moving 
over land away from its oceanic source. During the movement over land the moisture 
gets isotopically depleted during preferential removal of isotopically heavy 
precipitation during condensation (rainout effect, Dansgaard, 1964; Rozanski et al., 
1993). The same process decreases δDp values during orographic uplift of 
atmospheric moisture, known as altitude effect (Dansgaard, 1964; Rozanski et al., 
1993). With decreasing temperature, the atmosphere can store less amounts of 
moisture resulting in larger effective rainfall and thereof a greater depletion of δDp 
(temperature effect) compared to regions with higher temperatures (Dansgaard, 
1964; Rozanski et al., 1993). Additionally, on longer time-scales the global ice 
volume affects the isotope composition of mean ocean surface waters as polar ice 
predominantly consists of isotopically light water (Dansgaard, 1964). In general, the 
amount effect is most pronounced in the tropics and mid-latitudes during the rainy 
season (Risi et al., 2008), whereas the temperature effect becomes more important 
towards the mid- to high latitudes (Dansgaard, 1964; Rozanski et al., 1993). 
Precipitation feeds soil water and groundwater and, therefore, predominantly 
determines their isotopic composition. However, compound-specific δDw ax don not 
reflect the exact δD composition of precipitation due to secondary factors that bias 
the δDw ax signal leading to a fractionation (ε) between δD of leaf waxes and source 
water. Particularly in arid regions soil water evaporation causes isotopic enrichment 
of surface soil water (Zimmermann et al., 1967; Gat, 1996; Krull et al., 2006). As soil 
water and precipitation serve as main sources of plant water, their isotopic signature 
is taken up by plants in their stem and leaf water (e.g. Flanagan and Ehleringer, 
1991; Gat, 1996). An additional enrichment of deuterium (D) in leaf water was 
observed in many studies (e.g. Cernusak et al., 2002; Kahmen et al., 2013b; Leaney 
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et al., 1985) and is attributed to leaf water transpiration (Dongmann et al., 1974; 
Flanagan and Ehleringer, 1991). The rate of transpiration is related to relative 
humidity, leaf-air water vapour differences and temperature (e.g. Bierhuizen and 
Slatyer, 1965; Hoffman et al., 1971; Rawson et al., 1977) and is therefore inferred to 
be higher in warm (semi-) arid than in humid regions (Kahmen et al., 2013a). As for 
many (palaeo-) climatic investigations it is difficult to distinguish between evaporation 
and transpiration, they are often summarized as evapotranspiration. In addition also 
other factors, like processes specific for different vegetation types affect the δDw ax 
signature. While some studies found no isotopic fractionation during uptake of source 
water by roots (e.g. Dawson and Ehleringer, 1991; White et al., 1985), other studies 
found an isotopic enrichment during water uptake with, however, a minor effect 
compared to evapotranspiration (Dawson and Ehleringer, 1993; Ellsworth and 
Williams, 2007; Feakins and Sessions, 2010a). The δD composition of plant leaf 
waxes is also inferred to be affected by factors like vegetation type (e.g. Gao et al., 
2014; Krull et al., 2006; Liu et al., 2006; Pedentchouk et al., 2008; Smith and 
Freeman, 2006), photosynthetic pathway (Liu and Yang, 2008; Gamarra et al., 2016), 
leaf shape (Gao et al., 2015) and water use efficiency of the plants (Hou et al., 
2007a; Liu and Yang, 2008). For instance, leaf waxes of shrubs were found to be 
more D-enriched than those of forbs, grasses and trees (Liu et al., 2006; Sachse et 
al., 2012) which is suggested to be partly a function of plant physiological and 
environmental factors, such as leaf anatomy and growth form or relative humidity, 
respectively (Smith and Freeman, 2006; Sachse et al., 2012; Tipple et al., 2015). 
Growing chamber experiments Kahmen et al. (2013b) showed that the hydrogen 
isotope fractionation is higher in leaf waxes of dicots than in monocots and attributed 
this to differences in leaf growth and development between these groups.  
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Figure 2-2: Summary of the analytical methods used in this thesis. Starting with the type of the samples, 
the analytical procedure is given for the sample preparation (grey), lipid separation (light blue), 
instrumental measurements (dark blue) and the proxy information (green). *Urea adduction was only 
performed for samples with high contents of cyclic and branched hydrocarbons, which had complicated 
the identification of the individual n-alkanes. The detailed procedure is given in chapter 4.4.2. 
Abbreviations in the figure: AgNO3: silver nitrate; ASE: accelerated solvent extractor; DCM: 
dichloromethane; MeOH: methanol; Hex: hexane; KOH: potassium hydroxide; ACL: average chain length; 
CPI: carbon preference index. 
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3.1 Abstract 
Southwestern Africa’s coastal marine mudbelt, a prominent Holocene sediment 
package, provides a valuable archive for reconstructing terrestrial palaeoclimates on 
the adjacent continent. While the origin of terrestrial inorganic material has been 
intensively studied, the sources of terrigenous organic material deposited in the 
mudbelt are yet unclear. In this study, plant wax derived n-alkanes and their 
compound-specific δ13C in soils, flood deposits and suspension loads from regional 
fluvial systems and marine sediments are analysed to characterize the origin of 
terrestrial organic material in the southwest African mudbelt. Soils from different 
biomes in the catchments of the Orange River and small west coast rivers show on 
average distinct n-alkane distributions and compound-specific δ13C values reflecting 
biome-specific vegetation types, most notably the winter rainfall associated Fynbos 
Biome of the southwestern Cape. In the fluvial sediment samples from the Orange 
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River, changes in the n-alkane distributions and compound-specific δ13C 
compositions reveal an overprint by local vegetation along the river’s course. The 
smaller west coast rivers show distinct signals, reflecting their small catchment areas 
and particular vegetation communities. Marine surface sediments spanning a 
transect from the northern mudbelt (29°S) to St. Helena Bay (33°S) reveal subtle, but 
spatially coherent, changes in n-alkane distributions and compound-specific δ13C, 
indicating the influence of Orange River sediments in the northern mudbelt, the 
increasing importance of terrigenous input from the adjacent western coastal biomes 
in the central mudbelt, and contributions from the Fynbos Biome to the southern 
mudbelt. These findings indicate the different sources of terrestrial organic material 
deposited in the mudbelt, and highlight the potential the mudbelt has to preserve 
evidence of environmental change from the adjacent continent. 
 
3.2 Introduction 
Coastal marine sediments serve as important archives for palaeoenvironmental 
investigations (e.g. Just et al., 2014; Rommerskirchen et al., 2006a). However, 
provenance, transport and sedimentation processes of the investigated tracers must 
be considered to reconstruct palaeoclimatic changes on the adjacent continent. In 
numerous studies of modern river systems the origin and transport processes of the 
source signals are shown to be complex. Overprinting of the transported source 
signals in river sediments on their way to the sedimentary archives (e.g. Bouchez et 
al., 2014; Galy et al., 2011; Garzanti et al., 2015; Hemingway et al., 2016) and in 
some contexts, a decoupling of inorganic and organic material provenance (e.g. Just 
et al., 2014; Schefuß et al., 2011) complicate interpretations. Additionally, changes in 
sedimentary provenance through time should not be neglected (e.g. Bentley et al., 
2016; Leithold et al., 2016; Woodward et al., 2015). Thus, determining the 
provenance of signal carriers in coastal marine sediments is a key to understand 
palaeoenvironmental changes. For such an archive, the southwestern Africa’s 
mudbelt, a terrigenous mud deposit of Holocene age, is a good example (Mabote et 
al., 1997; Meadows et al., 2002; Herbert and Compton, 2007). While the origin and 
transport of inorganic material has been intensively studied (Birch, 1977; Mabote et 
al., 1997; Rogers and Rau, 2006; Compton et al., 2010; Weldeab et al., 2013; Hahn 
et al., 2015), this study is aiming to refine our understanding of organic matter 
delivery to this archive. 
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Fluvial and aeolian transport deposits large amounts of terrestrial organic matter (~ 
430 Tg organic carbon (OC) year-1 and 60 Tg OC year-1, respectively) to the ocean 
sediments (e.g. Jurado et al., 2008; Schlünz and Schneider, 2000; Simoneit, 1986). 
The type, amount and isotopic composition of terrestrial organic matter carries 
information about continental environmental conditions making it a potential means of 
reconstructing past climates (e.g. Meyers, 1997). In particular, stable carbon isotope 
compositions (δ13C) of terrestrial organic carbon have been used to identify 
vegetation sources and changes thereof (e.g. Meyers, 1994; Prahl et al., 1994). 
However, as the total organic matter in sedimentary archives is derived from both 
terrestrial and aquatic sources, the significance of measurements from bulk samples 
is difficult to interpret (e.g. Meyers, 1994). This can be addressed though the isolation 
and measurement of specific lipids, such as plant epicuticular waxes, which are 
solely produced by terrestrial higher plants in continental environments and are 
preserved over geological timescales (e.g. Aichner et al., 2010; Collins et al., 2013; 
Kuechler et al., 2013; Meyers and Ishiwatari, 1993; Rommerskirchen et al., 2006a, 
2003; Schefuß et al., 2011).  
A significant component of epicuticular waxes are long-chain n-alkanes with chain 
lengths between 21 and 37 carbon atoms and an odd-over-even carbon number 
predominance (Eglinton and Hamilton, 1967; Kolattukudy, 1970). Many studies 
suggest that vegetation type and/or climate determine the production and chain 
length distribution of leaf wax n-alkanes (Meyers and Ishiwatari, 1993; Vogts et al., 
2009; Rao et al., 2011; Bush and McInerney, 2013, 2015; Carr et al., 2014). For 
example, angiosperms and plants adapted to arid conditions generally produce 
higher amounts of waxes than gymnosperms (Diefendorf et al., 2011) while plants 
from African savannas were shown, on average, to produce longer chain n-alkanes 
than rainforest plants (Rommerskirchen et al., 2006b; Vogts et al., 2009).  
The δ13C composition of plant tissue differs with plant photosynthetic pathways. Leaf 
wax n-alkanes from plants using the C3 cycle (i.e. trees, shrubs and cool season 
grasses) are more 13C-depleted (-29‰ to -39‰ VPDB) than those from plants using 
the C4 cycle (i.e. warm season grasses; -14‰ to -26‰ VPDB) (e.g. Bi et al., 2005; 
Collister et al., 1994; Rommerskirchen et al., 2006b). Plants using the crassulacean 
acid metabolism photosynthesis (CAM; many succulent plants) are common in 
tropical and arid regions, and can show highly variable leaf wax δ13C composition, 
often falling between that of C3 and C4 plants (e.g. Boom et al., 2014; Chikaraishi and 
3 Sources, transport & deposition of terrestrial organic material: A case study from southwestern Africa 
 
30 
Naraoka, 2003; Collister et al., 1994). Apart from the plant’s photosynthetic pathway, 
the δ13C of n-alkanes is also influenced by a variety of other factors, such as the 
initial δ13C of the fixed CO2 (e.g. Farquhar et al., 1989; van der Merwe and Medina, 
1991) or variations in plant water-use efficiency (e.g. Ehleringer et al., 1992; 
Farquhar et al., 1989; Gao et al., 2015; Hou et al., 2007) with the latter most common 
in arid and semi-arid areas. 
 
3.3 Background of the study area 
3.3.1 Vegetation in South Africa 
In the modern South African vegetation, C3, C4 and CAM plants are abundantly 
represented (Werger and Ellis, 1981). The distribution of modern biomes in South 
Africa generally follows the climate gradients extending eastward from the arid Desert 
and Succulent Karoo through the Nama Karoo, Savanna, Grassland, Thicket and 
Coastal Forest (Indian Coastal Belt) in the humid east and southward to the 
mediterranean Fynbos Biome in the Cape and the Afromontane Forest Biome of the 
south coast (Figure 3-1) (Cowling et al., 1997; Mucina and Rutherford, 2006). The 
Fynbos Biome and the cool, high altitude grasslands of the Drakensberg Mountains 
are dominated by woody C3 plants and C3 grasses. The abundance of C4 grasses 
increases with aridity and growing season temperature (Vogel et al., 1978; Scott and 
Vogel, 2000) and is highest in the interior of South Africa (Werger and Ellis, 1981). 
CAM plants occur throughout southern Africa, and may become dominant in arid 
regions with high rainfall seasonality, such as the Succulent Karoo and western 
Nama Karoo biomes (Mooney et al., 1977; Werger and Ellis, 1981). 
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Figure 3-1: Overview of the main atmospheric (red arrows) and oceanic currents (blue arrows) as well as 
the topography and bathymetry of the study area in southern Africa (a). The shaded grey area indicates 
the mudbelt, grey lines on the continent indicate state borders. The lower map (b) shows the three main 
rainfall zones: winter rainfall zone, summer rainfall zone and year-round rainfall zone. Colours indicate 
modern vegetation of southern Africa (after Mucina & Rutherford, 2006; Scott et al., 2012). Dots denote 
the locations of soil samples (black), river samples (flood deposits and suspension, red) and marine 
surface samples (blue). 
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3.3.2 Hydrology in South Africa 
The vegetation distribution in South Africa (Figure 3-1) is largely controlled by 
topography and climatic conditions. The climatic conditions are driven by seasonal 
changes in large-scale dynamic atmospheric and oceanic circulation systems 
inducing a pronounced seasonality of rainfall and temperature (e.g. Tyson & Preston-
Whyte, 2000). The southwestern margin of southern Africa receives most of its 
precipitation during the austral winter, brought by westerly winds from the Atlantic 
Ocean (Tyson, 1986). The southwestern part of South Africa is therefore referred to 
as the winter rainfall zone (WRZ), where >66% of the mean annual precipitation falls 
between April and September (Chase and Meadows, 2007). In contrast, much of 
central and eastern southern Africa receives >66% of its mean annual precipitation 
between October and March (Chase & Meadows, 2007) and is therefore referred to 
as the summer rainfall zone (SRZ). A dynamic transition zone between WRZ and 
SRZ receives broadly equal amounts of precipitation in the summer and winter 
months and is referred to as year-round rainfall zone (YRZ). Despite these spatial 
distinctions, the circulation systems that supply rainfall to these regions are known to 
interact, creating systems such as tropical-temperate troughs, which may result in 
large rainfall events in the continental interior (Nicholson, 1986; Tyson, 1986).  
Much of the precipitation falling in South Africa drains into the Atlantic Ocean. The 
Orange River, the largest in South Africa, drains much of the interior, from Windhoek 
(22°33.57’S, 17°4.99’E), Namibia in the north to Pretoria and the Drakensberg 
Mountains in the east, encompassing a catchment area of almost 106 km2 and 
currently delivering 106 x 106  m³ of sediment annually (Birch et al., 1991; Compton et 
al., 2010) to the Atlantic Ocean from the SRZ. South of the Orange River mouth, 
several local ephemeral (e.g. Holgat, Buffels, Spoeg, Verlorenvlei) and perennial 
(Olifants, Berg) rivers drain into the Atlantic Ocean from the WRZ. The catchments of 
these ephemeral rivers are small and limited to the arid/semi-arid escarpment that 
borders the western South African margin (Bickerton, 1981a, 1981b; Heinecken, 
1981). The Olifants and Berg rivers are located in the wetter southern parts of the 
WRZ and also comprise relatively small catchment areas (46 x 10³ km² & 7.7 x 10³ 
km², respectively), sourced in the Cape Fold Belt Mountains (Morant, 1984; CSIR, 
1988). They deliver more sediment load to the mudbelt (7.7 x 106 m³) than the 
ephemeral rivers, but still far less than the Orange River (Birch et al., 1991; Herbert 
and Compton, 2007; Compton and Wiltshire, 2009). 
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3.3.3 Marine sediments offshore southwestern Africa 
Offshore, the southwestern African mudbelt represents a prominent Holocene 
terrestrial sediment package that reaches a thickness of about 35 m near the Orange 
River mouth (29°S), decreasing to about 2 m near the Berg River (33°S) (Birch, 
1977; Meadows et al., 2002; Schneider et al., 2003; Rogers and Rau, 2006). The 
thickness, accumulation rate of the sediments and their predominant terrestrial origin 
make the mudbelt a high-resolution archive for the investigation of Holocene 
environmental change (Birch, 1977; Mabote et al., 1997; Herbert and Compton, 
2007; Gray, 2009; Leduc et al., 2010; Weldeab et al., 2013; Hahn et al., 2015). The 
Orange River is the main sediment source for the mudbelt as the mud fraction of the 
suspended material delivered by the Orange River is transported southwards by a 
poleward undercurrent (Birch et al., 1991; Rogers and Bremner, 1991; Mabote et al., 
1997). Studies of the northern mudbelt have shown that the contribution of marine 
organic material becomes increasingly dominant further south near the Buffels River 
mouth (Mabote et al., 1997; Gray et al., 2000; Meadows et al., 2002; Rogers and 
Rau, 2006). Further south in the central mudbelt, the importance of sediment 
contributions by local ephemeral west coast rivers increases (Mabote et al., 1997; 
Gray et al., 2000; Gray, 2009; Benito et al., 2011b). In the southern mudbelt the 
Olifants and Berg rivers are the dominant sediment source (Birch, 1977). 
Considered in its Quaternary context, a substantial sediment deficit exists on the 
southern portion of the western shelf. While the Olifants, Verlorenvlei and Berg rivers 
currently contribute only 6% of the annual sediment load (compared with 92.7% from 
the Orange River), the Quaternary sediment volume of the Olifants-Berg region is 
71% of that of the Orange River delta (Birch et al., 1991), indicating significant spatio-
temporal variability in sedimentation regimes along the west coast. Exploring related 
patterns of variability for the Holocene, Herbert & Compton (2007) found a greater 
input of terrigenous sediments to this area during the mid- to late Holocene and 
therefore inferred a southward progradation of the mudbelt from the Orange River 
mouth.  
An additional potential contribution to the mudbelt sediments is aeolian terrestrial 
input from the west coast by berg winds and southeast trade winds (Tyson and 
Preston-Whyte, 2000; Weldeab et al., 2013). While the westerly and south-westerly 
aeolian input south of 25°S is suggested to be low (Prospero et al., 2002; Dupont and 
Wyputta, 2003), inconsistencies between marine (Shi et al., 2001; Urrego et al., 
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2015) and terrestrial pollen records (Lim et al., in press; Scott et al., 2004, 1995), and 
significant changes in wind strength along the western coastal margin during the late 
Quaternary (Stuut et al., 2002; Farmer et al., 2005; Pichevin et al., 2005) imply that 
aeolian input may have been more significant in the past. 
3.3.4 Sediment provenance 
So far, little consensus exists regarding the significance and dominant sedimentary 
sources of the major tributaries. Several studies suggested that the terrestrial 
sediment transported to the Orange River mouth is largely sourced in the Karoo 
sedimentary rocks (upper Beaufort and Stormberg groups) and soils of the 
Drakensberg Mountains attributed to higher rates of weathering and erosion caused 
by higher rainfall in the eastern catchment (Le Roux, 1990; Mabote et al., 1997; de 
Villiers, 2000; Compton and Maake, 2007). In contrast, it is thought that the Vaal 
River transports only low concentrations of suspended sediments due to its low 
gradient and, since the 20th century, the construction of large dams in its upstream 
portion (Schwartz, 1969; Rooseboom and von Harmse, 1979; Compton and Maake, 
2007). Recently Hahn et al. (2015) suggested that input to the mudbelt from other 
source areas, namely the catchment areas of the Molopo and the Fish River (Figure 
3-1), may be significant, especially during wetter phases in these sub-catchments.  
Together, previous studies show a contradictory picture concerning the provenance 
of terrestrial material deposited in the southwestern African mudbelt. So far, most 
studies of mudbelt sediment provenance have focused on the mineralogical fraction 
(and inorganic geochemical compositions) rather than the organic fraction. Presently, 
little is known about the origin, transport and deposition of the terrestrial organic 
material in the mudbelt. In this study, we focus on characterizing the organic 
component of the mudbelt sediments along its entire length, from the Cape to the 
Orange River mouth. We use a data-set of leaf wax derived long-chain n-alkanes as 
tracers for terrestrial organic matter. We analyse their abundance, distributions and 
compound-specific δ13C compositions in soils, flood deposits and contemporary 
suspension loads from regional fluvial systems and marine surface sediments, from 
South African biomes, rivers and the offshore mudbelt to obtain a source-to-sink 
assessment. The main aims of this study are: 
i) To characterize long-chain n-alkane distributions and compound-specific 
δ13C compositions in the biomes within the catchments of the Orange River 
and the west coast rivers. 
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ii) To identify sources and potential overprinting effects during transport of 
leaf wax n-alkanes in suspension loads and sediments of the Orange River 
and the smaller west coast rivers, i.e. Buffels, Holgat and Olifants. 
iii) To determine sources of terrestrial organic matter across the southwest 
African mudbelt and to assess the relative contributions of distinct 
ecoregions.  
iv) To assess the palaeoenvironmental potential of plant biomarkers deposited 
in the mudbelt sediments. 
 
3.4 Material & Methods 
3.4.1 Sampling 
Soil samples were collected in 2010, 2012 and 2013 (Figure 3-1). Part of the soil 
sampling in the Succulent Karoo and Fynbos biomes in 2010 was carried out via a 
series of 10 x 10 m vegetation survey plots from which soils were collected from the 
upper 10 to 15 cm (soil A horizon) from four fixed locations within each plot (see Carr 
et al., 2013 for further information). For the other soil samples three samples from a 
10-20 m radius were collected, but were not associated with detailed vegetation 
surveys.  
Suspensions loads and most of the flood deposits from the Olifants, Buffels, Holgat 
and Orange rivers were collected in combusted glass jars, while some flood deposits 
were stored in plastic bags. The suspension loads were retrieved by centrifuging of 
100 litres of pumped river water.  
For the marine surface sediments, nine multi-cores from the mudbelt off the west 
coast of South Africa recovered during cruise M57/1 in 2003 (Schneider et al., 2003) 
were sampled. The top centimetre of each core was analysed. Two multi-cores in the 
northern mudbelt (GeoB8331-2, GeoB8332-3) were dated earlier using 210Pbex 
measurements (Leduc et al., 2010), demonstrating that the upper centimetre of both 
cores is not older than three years. Radiocarbon dating was performed on two multi-
cores (GeoB8319-1, GeoB8322-1) in the southern mudbelt resulting in ages of 110-
40 cal. yr BP between 11-14 cm (GeoB8319-1) and 630-370 cal. yr BP at 43 cm 
(GeoB8322-1), respectively (Taylor, 2004). Furthermore, pollen analyses of the upper 
three centimetres of all studied multi-cores identified neophytes (Zhao et al., 2015) 
introduced by the end of the 17th century in South Africa (Campbell and Moll, 1977; 
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Richardson, 2000). The upper first centimetre of each multi-cores is thus considered 
to be of ‘modern’ age. 
3.4.2 Radiocarbon dating 
For some flood deposits and soil samples AMS 14C analyses were performed at the 
Poznan Radiocarbon Laboratory on total organic carbon (TOC). Age calibration was 
performed using OXCAL4.2 software (Bronk Ramsey, 2009) and the atmospheric 
SHCal13 curve (Hogg et al., 2013). 
3.4.3 Sample preparation and lipid extraction 
Soil samples were freeze-dried at the University of Leicester and homogenized after 
removing root and stem pieces. Wet flood deposits, suspension loads and marine 
sediments were freeze dried at MARUM. Suspension loads were homogenized with a 
planetary mill and flood deposits and marine sediments were homogenized by using 
an agate mortar and pestle. 
The organic compounds were extracted from all samples using an Accelerated 
Solvent Extractor (ASE) at 100°C, 1000 psi for 5 minutes by using a 9:1 solvent 
mixture of dichloromethane (DCM) and methanol (MeOH). This extraction procedure 
was repeated three times for each sample. Before extraction squalane was added in 
known amount as internal standard. The total lipid extracts (TLEs) were concentrated 
using rotary evaporation and desulphurised with activated copper. Afterwards, the 
TLEs were separated into hexane-insoluble and hexane-soluble fractions by Na2SO4 
column chromatography. The hexane-soluble fractions were saponified with 0.1M 
potassium hydroxide (KOH) in MeOH at 85°C for two hours and neutral compounds 
were extracted with hexane. Hydrocarbons were separated from the neutral fractions 
by column chromatography with silica gel (60 mesh) using hexane. Further AgNO3-Si 
column chromatography was applied to separate the unsaturated and saturated 
hydrocarbon fractions using hexane.  
For some soil samples urea adduction was carried out to separate n-alkanes from 
cyclic and branched hydrocarbons to gain a better compound separation for 
compound-specific δ13C analysis. 4.5 ml hexane/DCM (2:1) and 1.5 ml urea solution 
(40 mg/ml in MeOH) were added to the hydrocarbon fractions and cooled at 4°C for 
15 minutes. The solution was dried under nitrogen. To separate branched and cyclic 
hydrocarbons, hexane was added to the dried sample. After vortexing for 30 seconds 
the hexane was removed via pipette. The procedure was conducted three times. 
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Straight-chain n-alkanes were extracted using hexane/DCM (4:1), after adding MilliQ 
water to dissolve the urea crystals. 
Leaf wax n-alkane distributions for several of the soil samples were reported by Carr 
et al. (2014). To ensure comparability in this study all samples were re-extracted. We 
note that the n-alkane distribution data from Carr et al. (2014) are highly comparable 
to those obtained in this study. 
3.4.4 Instrumental analyses and calculations 
Quantification of long-chain n-alkanes was carried out using a ThermoFischer 
Scientific Focus gas chromatograph equipped with a split/splitless injector operating 
at 340°C and a flame ionization detector (GC-FID). For quantification an external 
standard was used containing n-alkanes between C18 and C34 in known 
concentrations. Based on repeated analyses of the external standard, quantification 
precision is 5 %. The carbon preference index (CPI) was calculated as: 
𝐶𝐶𝐶27−33 = 0.5 ∗ ��𝐶27+𝐶29+𝐶31+𝐶33𝐶26+𝐶28+𝐶30+𝐶32�+ �𝐶27+𝐶29+𝐶31+𝐶33𝐶28+𝐶30+𝐶32+𝐶34��  
where Cx is the concentration of the n-alkane with x carbon atoms.  
The average chain length (ACL) of the homologues C27 to C33 was calculated as: 
𝐴𝐶𝐴27−33 = 27∗𝐶27+29∗𝐶29+31∗𝐶31+33∗𝐶33𝐶27+𝐶29+𝐶31+𝐶33   
where Cx is the concentration of the n-alkane with x carbon atoms.  
In several studies the ratios between individual n-alkanes are used as 
environmentally sensitive parameters (e.g. Carr et al., 2014; Schefuß et al., 2003). 
The ratio of the n-alkane homologues C29 and C31 and C29 and C33 were calculated 
as: 
Norm31 = C31/(C29+ C31) 
and 
Norm33 = C33/(C29+ C33) 
where Cx is the concentration of the n-alkane with x carbon atoms.  
Compound-specific δ13C analyses of n-alkanes were performed using a 
ThermoFischer Scientific Trace GC Ultra coupled to a Finnigan MAT 252 irm-MS 
(GC-irm-MS) via a modified GC/C III interface operated at 1000°C. The GC-irm-MS 
was equipped with a PTV injector operating with cold injection. Carbon isotopes 
where measured against calibrated CO2 reference gas. δ13C values are reported in ‰ 
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notation against the Vienna Pee Dee Belemnite (VPDB). Duplicates of each sample 
were measured, with a reproducibility of 0.2‰ for the n-C29 alkane and 0.1‰ for the 
n-C31 alkane on average. The precision of the squalane internal standard for surface 
sediments, river samples and soils was 0.3‰, 0.4‰ and 0.4‰, respectively. Long-
term precision and accuracy of the external n-alkane standard is 0.3‰ and 0‰, 
respectively. 
 
3.5 Results 
3.5.1 TOC ages in soil and river samples 
The results of the 14C measurements on bulk TOC for the soil and river samples are 
given in Table 3-1. Both soil samples (GTC9 and GTC24 from the Grassland and 
Savanna Biome, respectively) are of modern age whereas river samples span last 
1000 years. The flood deposit O13 (Figure 3-1) in the lower Orange River is of 
modern age while the two flood deposits O16 at the Orange-Vaal confluence and 
O17 (Figure 3-1) in the Orange River valley upstream of the confluence span a time 
period of 430 ± 110 cal. yr BP and 515 ± 20 cal. yr BP, respectively. The oldest dated 
flood deposits include O10 at the lower reaches of the Orange River valley and O18 
(Figure 3-1) in the Vaal River valley with ages of 1017 ± 65 and 856 ± 65 cal. yr BP 
respectively. 
3.5.2 n-Alkane characteristics 
In the following section the n-alkane characteristics are described separately for soils 
(source), river samples (transport) and mudbelt sediments (sink). Cx refers to the n-
alkane with x carbon atoms. The compound-specific carbon isotope compositions are 
expressed as δ13Cx. 
3.5.2.1 Soil samples 
Long-chain n-alkanes were found in all soil samples with concentrations (sum of C25-
C33) between 1 and 47 µg/g soil (Supplementary Material chapter 3.9). In general, the 
soil samples show a strong odd-over-even carbon number predominance with CPI27-
33 values ranging between 2.4 and 30.2 and ACL27-33 ranging between 29.5 and 32.1. 
Differences in the n-alkane distributions are observed for the different biomes (Figure 
3-2). We found the highest relative abundance of C31 alkane in soils located in 
Succulent Karoo and Nama Karoo biomes, which showed a similar pattern. The n-
alkane distributions for Grassland and Savanna biome soils also exhibit similarities, 
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including the highest relative abundances of C31 and 
C33. Fynbos Biome soils are distinct to some extent 
with a dominance of the C29 and C31 alkanes. Highest 
Norm31 ratios are observed in soils of the Succulent 
Karoo followed by Nama Karoo, while the Grassland, 
Savanna and Fynbos soils show generally lower 
Norm31 ratios (Table 3-2). Norm33 ratios show a 
different pattern to Norm31, with highest values in 
soils of the Succulent Karoo followed by Savanna and 
Grassland soils (Table 3-2). δ13C values in soils 
throughout the study area cover a broad range 
spanning from -34.4‰ to -20.8‰ (C29) and from             
-34.8‰ to -21.7‰ (C31), respectively (Figure 3-3). 
Lowest average δ13C29 are observed in Fynbos soils     
(-32.1‰ ± 1.4‰) followed by Succulent Karoo soils     
(-29.8‰ ± 2.4‰) and Nama Karoo soils (-27.4‰ ± 
2.7‰), whereas the highest average values are found 
in Savanna (-26.3‰ ± 1.8‰) and Grassland (-25.2‰ 
± 3.5‰) soils (Table 3-2). For δ13C31 lowest average 
values are found in Fynbos soils (-32.3‰ ± 1.0‰), 
whereas the highest values are found in Grassland 
soils (-25.8‰ ± 3.3‰) (Table 3-2). 
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Figure 3-2: Averaged relative n-alkane distribution with standard deviation of biomes (grey), river samples 
(red) and marine surface sediments (blue). River samples comprise of flood deposits and suspension 
loads. Numbers in brackets (n) indicates the number of samples. 
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Table 3-2: Averaged n-alkane abundances, distribution parameters and compound-specific δ13C 
compositions of different biomes, rivers and the marine surface samples. 
n.d. = not determined 
a ACL27-33: averaged chain length of odd carbon numbered n-a lkanes  from carbon number 27 to 33. 
b CPI27-33: carbon preference index of n-a lkanes  from carbon number 27 to 33. 
c Norm31 = C31/(C31+C29) 
d Norm33 = C33/(C33+C29) 
 
 
Figure 3-3: Box and whisker plots for the compound-specific carbon isotopes of the C29 (left) and C31 
(right) n-alkanes divided into biome/soil and river samples. Boxes comprise middle 50% of samples and 
the horizontal black line within the box represents the median. Black dots outside the whisker plots 
indicate the uppermost and lowermost 10%. Note, for the Holgat River only one δ13C29 data point is 
available and the horizontal black line indicates the standard deviation of this data point. Na Karoo and Sc 
Karoo indicate Nama Karoo and Succulent Karoo, respectively. 
 
3.5.2.2 River derived samples 
Long-chain n-alkane concentrations (sum of C25-C33) of the suspension loads vary 
between 4 and 23 µg/g sediment and show a strong odd-over-even carbon number 
  Number 
of 
samples 
n-alkane 
content25-33 
(µg/g sed) 
ACL27-33a CPI27-33b Norm31c Norm33d δ13C29       
(‰ VPDB) 
δ13C31       
(‰ VPDB) 
Biome          
 Fynbos 18   8.5 ± 11 30.5 ± 0.6 11.0 ± 3.2 0.66 ± 0.15 0.45 ± 0.22 -32.1 ± 1.4 -32.3 ± 1.0 
 Succulent Karoo 19    10 ± 8.8 31.2 ± 0.4 18.1 ± 5.8 0.89 ± 0.04 0.72 ± 0.18 -29.8 ± 2.4 -27.9 ± 2.8 
 Nama Karoo 16   3.3 ± 4.0 30.8 ± 0.3   7.5 ± 4.1 0.79 ± 0.10 0.59 ± 0.10 -27.4 ± 2.7 -28.7 ± 2.7 
 Savanna   7   2.2 ± 0.9 31.0 ± 0.4   6.2 ± 2.1 0.66 ± 0.12 0.67 ± 0.14 -26.3 ± 1.8 -28.1 ± 2.8 
 Grassland 11   3.7 ± 1.8 30.6 ± 0.4   5.5 ± 1.6 0.66 ± 0.09 0.64 ± 0.07 -25.2 ± 3.5 -25.8 ± 3.3 
Rivers          
 Olifants   2   7.4 ± 4.3 30.4 ± 0.5 7.5 ± 1.9 0.67 ± 0.12 0.49 ± 0.18 -31.0 ± 1.5 -28.2 ± 1.8 
 Buffels   2 100 ± 53 31.4 ± 0.1 21.0 ± 1.0 0.92 ± 0.02 0.83 ± 0.06 n.d. -27.1 ± 0.2 
 Holgat   3   41 ± 20 31.1 ± 0.2 22.2 ± 2.0 0.90 ± 0.02 0.70 ± 0.12 -25.7 ± 0.2 -24.3 ± 0.8 
 Orange 15   7.6 ± 7.1 30.6 ± 0.5 8.7 ± 2.7 0.72 ± 0.09 0.56 ± 0.12 -29.6 ± 1.4 -28.6 ± 1.7 
Mudbelt    9   8.6 ± 8.5 31.1 ± 0.1 12.2 ± 1.8 0.81 ± 0.02 0.67 ± 0.04 -28.0 ± 0.5 -26.3 ± 0.4 
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predominance with CPI27-33 values ranging between 4.1 and 8.4 (Table 3-3). The 
ACL27-33 values of the suspension loads vary between 29.8 and 31.0 and the Norm31 
and Norm33 ratios range from 0.56 to 0.87 and 0.35 to 0.71, respectively (Table 
3-3δ13C values range from -30.9‰ to -27.2‰ (C29) and -29.9‰ to -24.5‰ (C31), 
respectively.  
Long-chain n-alkane concentrations of flood deposits show broader variations from 1 
to 153 µg/g sediment (Table 3-3). CPI27-33 values are high for all flood deposits and 
range between 3.0 and 24.3 and ACL27-33 values vary from 29.8 to 31.5 (Table 3-3). 
The Buffels and Holgat River show similar n-alkane distributions with a distinctly high 
relative abundance of the C31 alkane (Figure 3-2). The Olifants and Orange rivers 
also show a dominance of the C31 alkane but a more evenly distributed n-alkane 
pattern. The Norm31 and Norm33 ratios show a broad range across the flood deposit 
samples spanning 0.54 to 0.94 and 0.31 to 0.89, respectively (Figure 3-2, Table 3-3). 
δ13C range from -32.5‰ to -25.7‰ (C29) and -31.5‰ to -23.3‰ (C31), respectively 
(Figure 3-3).  
The Orange River shows increasing compound-specific δ13C downstream from the 
Vaal-Orange confluence in both suspension loads and in the flood deposits. 
Generally, suspension loads have more positive δ13C31 than the flood deposits 
(Figure 3-4). Flood deposits from the west coast rivers show increasing δ13C from 
south to north (Table 3-3). 
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Figure 3-4: Compound-specific carbon isotopes of n-alkanes C29 and C31, ACL27-33 and Norm31 for flood 
deposits (black dots) and suspension loads (grey diamonds) along the transect from the Vaal-Orange 
confluence (right) to the Orange River mouth (left). 
3 Sources, transport & deposition of terrestrial organic material: A case study from southwestern Africa 
 
44 
 
Ta
bl
e 
3-
3:
 n
-A
lk
an
e 
ab
un
da
nc
e,
 d
is
tr
ib
ut
io
n 
pa
ra
m
et
er
s 
an
d 
co
m
po
un
d-
sp
ec
ifi
c 
δ1
3 C
 c
om
po
si
tio
ns
 o
f 
th
e 
riv
er
 s
am
pl
es
. S
us
pe
ns
io
n 
sa
m
pl
es
 a
re
 s
ha
de
d 
in
 
gr
ey
. 
N
o.
 
S
am
pl
e 
na
m
e 
S
am
pl
e 
ty
pe
 
R
iv
er
 s
ys
te
m
 
La
tit
ud
e 
(°
S
) 
Lo
ng
itu
de
 
(°
E
) 
n-
al
ka
ne
 
co
nt
en
t 25
-3
3 
(µ
g/
g 
se
d)
 
AC
L 2
7-
33
a  
C
P
I 27
-3
3b
 
N
or
m
31
c  
N
or
m
33
d  
δ1
3 C
29
   
   
(‰
 V
P
D
B
) 
δ1
3 C
31
   
   
(‰
 V
P
D
B
) 
O
1 
O
R
F 
8 
flo
od
 d
ep
. 
O
lif
an
ts
 
31
°3
6.
42
0 
18
°2
4.
25
6 
3.
2 
29
.9
 
9.
4 
0.
55
 
0.
31
 
-3
2.
5 
± 
0.
1 
-3
0.
0 
± 
0.
1 
O
2 
O
R
F 
10
S
 
su
sp
en
si
on
 
O
lif
an
ts
 
31
°3
3.
90
8 
18
°1
9.
65
7 
12
 
31
.0
 
5.
7 
0.
79
 
0.
67
 
-2
9.
5 
± 
0.
1 
-2
6.
5 
± 
0.
1 
O
3 
O
R
F 
14
 
flo
od
 d
ep
. 
B
uf
fe
ls
 
29
°5
9.
52
0 
17
°5
2.
48
1 
15
0 
31
.5
 
21
.9
 
0.
94
 
0.
89
 
n.
d.
 
-2
6.
9 
± 
0.
2 
O
4 
O
R
F 
15
 
flo
od
 d
ep
. 
B
uf
fe
ls
 
29
°3
4.
98
3 
17
°1
5.
27
6 
47
 
31
.2
 
20
.0
 
0.
90
 
0.
77
 
n.
d.
 
-2
7.
3 
± 
0.
1 
O
5 
O
R
F 
20
 
flo
od
 d
ep
. 
H
ol
ga
t 
28
°5
5.
96
0 
16
°4
6.
49
7 
42
 
30
.9
 
22
.6
 
0.
88
 
0.
54
 
n.
d.
 
-2
5.
3 
± 
0.
2 
O
6 
O
R
F 
21
 
flo
od
 d
ep
. 
H
ol
ga
t 
28
°5
5.
90
1 
16
°4
6.
55
7 
65
 
31
.3
 
19
.6
 
0.
92
 
0.
80
 
n.
d.
 
-2
4.
4 
± 
0.
5 
O
7 
O
R
F 
22
 
flo
od
 d
ep
. 
H
ol
ga
t 
28
°5
5.
88
6 
16
°4
6.
56
5 
17
 
31
.2
 
24
.3
 
0.
91
 
0.
77
 
-2
5.
7 
± 
0.
2 
-2
3.
3 
± 
0.
0 
O
8 
O
R
F 
24
S
 
su
sp
en
si
on
 
O
ra
ng
e 
28
°3
3.
98
7 
16
°3
0.
28
7 
23
 
31
.0
 
8.
4 
0.
87
 
0.
71
 
-2
7.
2 
± 
0.
2 
-2
4.
5 
± 
0.
1 
O
9 
O
R
F 
23
 
flo
od
 d
ep
. 
O
ra
ng
e 
28
°3
2.
00
6 
16
°3
6.
50
9 
7.
3 
30
.9
 
12
.2
 
0.
80
 
0.
63
 
n.
d.
 
-2
6.
9 
± 
0.
0 
O
10
 
O
R
F 
25
 
flo
od
 d
ep
. 
O
ra
ng
e 
28
°0
5.
56
9 
16
°5
2.
92
1 
1.
1 
30
.9
 
10
.9
 
0.
80
 
0.
62
 
n.
d.
 
-2
7.
9 
± 
0.
1 
O
11
 
O
R
F 
26
 
flo
od
 d
ep
. 
O
ra
ng
e/
Fi
sh
 
28
°0
5.
58
6 
17
°1
0.
54
0 
3.
8 
31
.1
 
12
.1
 
0.
81
 
0.
69
 
-2
8.
2 
± 
0.
0 
-2
7.
6 
± 
0.
0 
O
12
 
O
R
F 
27
S
 
su
sp
en
si
on
 
O
ra
ng
e 
28
°4
6.
22
4 
17
°3
8.
40
8 
17
 
30
.3
 
3.
0 
0.
69
 
0.
49
 
-2
9.
4 
± 
0.
1 
-2
7.
8 
± 
0.
3 
O
13
 
O
R
F 
29
T 
flo
od
 d
ep
. 
O
ra
ng
e 
28
°4
4.
45
8 
19
°1
9.
97
0 
6.
1 
29
.8
 
8.
5 
0.
54
 
0.
32
 
-3
1.
6 
± 
0.
0 
-2
8.
9 
± 
0.
2 
O
13
 
O
R
F 
29
B
 
flo
od
 d
ep
. 
O
ra
ng
e 
28
°4
4.
45
8 
19
°1
9.
97
0 
1.
2 
30
.6
 
9.
8 
0.
68
 
0.
52
 
n.
d.
 
-2
8.
0 
± 
0.
1 
O
13
 
O
R
F 
29
S
 
su
sp
en
si
on
 
O
ra
ng
e 
28
°4
4.
45
8 
19
°1
9.
97
0 
19
 
29
.8
 
4.
1 
0.
56
 
0.
37
 
-3
0.
6 
± 
0.
1 
-2
8.
4 
± 
0.
1 
O
14
 
O
R
F 
33
 
flo
od
 d
ep
. 
O
ra
ng
e 
28
°3
8.
18
2 
21
°0
5.
43
7 
0.
7 
30
.8
 
10
.4
 
0.
75
 
0.
62
 
-2
9.
4 
± 
0.
3 
-3
0.
0 
± 
0.
1 
O
15
 
O
R
F 
31
S
 
su
sp
en
si
on
 
O
ra
ng
e 
28
°3
8,
15
2 
21
°0
5.
39
3 
16
 
30
.0
 
7.
5 
0.
62
 
0.
35
 
-3
0.
9 
± 
0.
4 
-2
9.
4 
± 
0.
2 
O
16
 
O
R
F 
40
 
flo
od
 d
ep
. 
O
ra
ng
e 
29
°0
4.
29
6 
23
°3
8.
23
2 
6.
4 
31
.2
 
10
.2
 
0.
76
 
0.
71
 
-3
1.
0 
± 
0.
3 
-3
1.
5 
± 
0.
1 
O
17
 
O
R
F 
37
 
flo
od
 d
ep
. 
O
ra
ng
e 
29
°0
9.
65
2 
23
°4
1.
81
6 
1.
0 
30
.4
 
7.
8 
0.
66
 
0.
56
 
-2
7.
5 
± 
0.
0 
-2
7.
8 
± 
0.
1 
O
17
 
O
R
F 
36
S
 
su
sp
en
si
on
 
O
ra
ng
e 
29
°0
9.
66
9 
23
°4
1.
81
7 
4.
8 
30
.6
 
5.
2 
0.
69
 
0.
55
 
-3
0.
5 
± 
0.
1 
-2
9.
8 
± 
0.
3 
O
18
 
O
R
F 
35
 
flo
od
 d
ep
. 
Va
al
 
29
°0
4.
20
2 
23
°4
4.
43
9 
3.
5 
31
.0
 
11
.7
 
0.
84
 
0.
69
 
n.
d.
 
-3
0.
6 
± 
0.
1 
O
18
 
O
R
F 
34
S
 
su
sp
en
si
on
 
Va
al
 
29
°0
4.
16
7 
23
°4
4.
44
8 
4.
0 
30
.7
 
8.
1 
0.
69
 
0.
55
 
-2
9.
8 
± 
0.
3 
-2
9.
9 
± 
0.
2 
n.
d.
 =
 n
ot
 d
et
er
m
in
ed
 
a  A
CL
27
-3
3: 
av
er
ag
ed
 ch
ai
n 
le
ng
th
 o
f o
dd
 ca
rb
on
 n
um
be
re
d 
n-
al
ka
ne
s f
ro
m
 ca
rb
on
 n
um
be
r 2
7 
to
 3
3.
 
b  C
PI
27
-3
3: 
ca
rb
on
 p
re
fe
re
nc
e 
in
de
x o
f n
-a
lk
an
es
 fr
om
 ca
rb
on
 n
um
be
r 2
7 
to
 3
3.
 
c  N
or
m
31
 =
 C
31
/(
C3
1+
C2
9)
 
d  N
or
m
33
 =
 C
33
/(
C3
3+
C2
9)
 
 
3 Sources, transport & deposition of terrestrial organic material: A case study from southwestern Africa 
 
45 
 
3.5.3 Marine surface sediments 
Long-chain n-alkanes were found in all 
surface sediment samples and 
concentrations (sum of C25-C33) range 
between 2 and 31 µg/g sediment 
(Table 3-4). In general, lowest n-alkane 
concentrations occur in the northern 
(locations 1 and 2) and southern 
(locations 5 - 9) parts of the mudbelt. 
CPI27-33 values for all surface 
sediments range from 9.1 to 14.7 and 
the ACL27-33 varies only slightly 
between 30.8 and 31.2 (Table 3-4). In 
all surface sediments the n-alkane 
distribution is dominated by the C31 
alkane (Figure 3-2, Figure 3-5). The 
Norm31 and Norm33 ratios cover a 
range spanning from 0.78 to 0.84 
(Figure 3-6) and 0.60 to 0.72, 
respectively (Table 3-4).  
δ13C values of the C29 (Figure 3-6) and 
the C31 alkanes range from -28.8‰ 
to -27.4‰ and -27.0‰ to -25.9‰, 
respectively (Table 3-4). Most depleted 
values are observed in the northern 
mudbelt, with increasing values 
towards the central mudbelt and 
decreasing again in the southern 
mudbelt (Figure 3-6). 
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Figure 3-5: The relative abundances of the n-alkanes C29, C31 and C33 by different sample groups. 
Diamonds represent soils from the different biomes, triangles represent flood deposits and suspension 
loads of the different river systems and crosses represent marine surface sediments. Coloured areas 
indicate the range of different biomes, the outlier for the savanna soils is excluded. 
 
Figure 3-6: Compound-specific stable carbon isotope composition of C29 (left) and Norm31 (right) for 
surface sediments along the west coast of South Africa. Position of the poleward countercurrent (CC) is 
indicated by the grey dotted line. 
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3.6 Discussion 
To determine the palaeoenvironmental significance of plant biomarkers preserved 
within southwestern African mudbelt sediments it is crucial to first characterize the 
source signals in the various catchment areas and their potential alteration during 
riverine transport.  
3.6.1 Characterization of source signals reflected in soils of the different 
biomes 
The predominance of long-chain n-alkanes and the CPI values higher than 4 of most 
n-alkanes in soils indicate an origin from terrestrial higher plants and a relatively non-
degraded state (Eglinton and Hamilton, 1967). Similarly high CPI values are reported 
for soils in other regions, including semi-arid to humid climates (e.g. Bush and 
McInerney, 2015; Kuhn et al., 2010; Schwab et al., 2015). In particular, succulent 
plants, such as Aizoaceae or Crassulaceae, tend to produce higher amounts of plant 
waxes than, for instance, grasses which is also found to be reflected in 
corresponding soils (Carr et al., 2014; Garcin et al., 2014). The n-alkane 
concentrations in soils of the different biomes from this study are consistent with 
these previously observed trends (Table 3-2) which can likely be attributed to 
differential production of plant waxes by the distinct plant types.  
Soils in the Succulent Karoo and Nama Karoo biomes show comparable n-alkane 
distributions to modern plants from these biomes (Boom et al., 2014; Carr et al., 
2014). They show a tendency towards longer chain lengths and greater proportions 
of the C33 n-alkane (Figure 3-2). Additionally, the different n-alkane distribution 
patterns (Norm31 and Norm33 ratios) reflect the distinct plant communities in the 
different biomes. For instance, C4 grasses are known to generally produce C31 and 
C33 n-alkanes in higher abundance than C3 trees and C3 grasses (Rommerskirchen et 
al., 2006b; Vogts et al., 2009; Bush and McInerney, 2013). Bush and McInerney 
(2015), however, inferred that growing season temperature rather than the 
photosynthetic pathway is the main driver of chain length distribution. The typical n-
alkane distribution pattern for C4 grasses with a dominance of C31 and C33 is 
particularly reflected in soils of the Grassland Biome (Figure 3-2). This biome also 
exhibits the most enriched average 13C values (Table 3-2). Nevertheless, the range 
of compound-specific δ13C for the Grassland Biome is large (Figure 3-3) and it has to 
be taken into account that the Grassland Biome does not only consists of C4 grasses, 
but also of C3 plants (~ 40% coverage), including trees, shrubs and grasses (Werger 
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and Ellis, 1981; Cowling et al., 1999). Therefore, soils in the Grassland Biome can 
show on average a mixture of photosynthetic pathways. The compound-specific δ13C 
composition of Succulent Karoo and Nama Karoo soils is more 13C-depleted than the 
Grassland or Savanna soils, reflecting not only the occurrence of more C3 plants in 
the Succulent Karoo. However the values are still higher than those observed in a C3 
biome (e.g. Fynbos) reflecting the abundance of drought-tolerant succulent CAM 
plants (Mooney et al., 1977; Werger and Ellis, 1981; Cowling et al., 1999; Feakins 
and Sessions, 2010b; Boom et al., 2014). A higher abundance of the C29 n-alkane 
and more depleted δ13C values distinguish the soils in the Fynbos Biome from the 
other biomes (Figure 3-2, Figure 3-3). Although, the geochemical proxies in soils 
from the other biomes (Succulent Karoo, Nama Karoo, Grassland and Savanna) 
differ on average, they are not clearly distinguishable from each other due to the 
large internal variability. 
3.6.2 The overprinting of river transported signals by local vegetation 
3.6.2.1 Olifants River: 
The comparison of the flood deposit (O1, Figure 3-1) and the contemporary 
suspension load (O2, Figure 3-1) of the Olifants River reveals differing n-alkane 
distributions and compound-specific δ13C values, despite both sampling sites being 
located in the Succulent Karoo. The plant wax-derived signals of the suspension 
load, sampled in the dry season, exhibit similarities with Succulent Karoo soils and 
plants (Carr et al., 2014). For instance, ACL27-33 (31.0) and δ13C composition of C29   
(-29.5‰) and C31 (-26.5‰) lie in the range of Succulent Karoo soils (31.2 ± 0.4, -29.8 
± 2.4‰, -27.9 ± 2.8‰) rather than Fynbos soils (30.5 ± 0.6, -32.1 ± 1.4‰, -32.3 ± 
1.0‰), implying local input during the dry season (Table 3-2, Table 3-3). By contrast 
the flood deposit, with lower ACL, Norm31, Norm33 and compound-specific δ13C than 
the suspension load (Table 3-3), is more comparable to plants (Carr et al., 2014) and 
soils in the Fynbos Biome (Table 3-2) and likely reflects greater input from this C3 
dominated biome, located upstream in the Olifants catchment. Based on this 
observation, we surmise that flood-events sourced in the Cederberg Mountains of the 
Fynbos Biome may produce an identifiable signature, whereas during non-flood 
conditions and/or dry season the source area of the terrestrial material may lie closer 
to the coastal sampling location of the suspension load. However, we cannot rule out 
that the flood deposit may be either much older than the suspension load, reflecting a 
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different climate/vegetation regime, and/or that the flood was characteristic of such 
events. Heavy rains are more common in the mountains, but large storms may also 
cause extensive flooding in the Succulent Karroo, and it is likely that sediments 
transported by these different events will show different geochemical signatures. 
Hence, this finding does not allow us to estimate modern Fynbos Biome contributions 
during the rainy season. 
3.6.2.2 Ephemeral west coast rivers: 
The Buffels and the Holgat River only drain the Succulent Karoo Biome (Figure 3-1). 
The flood deposits of both rivers (O3-O7, Figure 3-1) were sampled from the 
riverbeds, and are likely relatively recent as these rivers experience regular (every 5–
10 years) floodings (Benito et al., 2011a). They show the highest ACL and Norm 
ratios in this study and compare well to Succulent Karoo soils (Table 3-2) and plants 
(Carr et al., 2014). Furthermore, the δ13C31 of the flood deposits from the Buffels 
River (-27.1 ± 0.2‰) are in the range of δ13C31 of the Succulent Karoo soils (-27.9 ± 
2.8‰, Table 3-2) and therefore likely reflect the modern Succulent Karoo vegetation. 
In contrast, the δ13C31 for the Holgat River flood deposits are higher (-24.8 ± 0.8‰) 
than the Succulent Karoo. CAM plants are known to have very variable δ13C 
compositions often lying between C3 and C4 plants, but also reaching values as high 
as -14‰ (e.g. Boom et al., 2014; Chikaraishi and Naraoka, 2003).. The catchment of 
the Holgat River is drier than the Buffels River (Bickerton, 1981a; Heinecken, 1981; 
Cowling et al., 1999), which may foster a distinct vegetation cover and/or differing 
usage of CAM photosynthesis (Desmet, 1996; Born et al., 2006) leading to 
differences in their δ13C composition. Further, the modern suspension load closest to 
the Orange River mouth (Figure 3-4) has a similar δ13C composition (-24.5 ± 0.1‰) to 
the Holgat River flood deposits (Figure 3-3) possibly indicating a specific vegetation 
signal from this area (Born et al., 2006). As before, it is also possible that differences 
in the n-alkane δ13C of the Holgat and Buffels rivers results from different ages of the 
flood deposits. Overall, the Holgat River catchment seemingly contains a more 
specialised vegetation adapted to drier conditions than the Buffels River catchment 
(Bickerton, 1981a; Heinecken, 1981; Born et al., 2006; Mucina and Rutherford, 2006) 
likely leading to a more enriched δ13C composition in Holgat than Buffels River flood 
deposits and Succulent Karoo soils. 
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3.6.2.3 Orange River: 
An important observation is that the n-alkane distribution patterns of the suspension 
loads (Figure 3-4) change downstream as the Orange River flows through different 
biomes (Figure 3-1). In general, compound-specific δ13C increases downstream 
(Figure 3-4). This implies an overprint of the transported signal by contributions from 
local vegetation sources along the river course from the drier Nama and Succulent 
Karoo biomes.. This overprint results in a similarity in n-alkane parameters between 
the suspension load closest to the Orange River mouth (O8, Figure 3-4) and those in 
the flood deposits of the Holgat River (O5-O7, Figure 3-2). Gray (2009) also 
interpreted the δ13C of bulk TOC in modern sediments from the bedload of the lower 
Orange River to reflect organic matter contributions from surrounding areas and river 
bank vegetation. Inorganic geochemical data (87Sr/86Sr and εNd) of the samples 
analysed for this study support this finding, implying sediment contributions from 
along the Orange River (Hahn et al., 2015). This contrasts with earlier studies that 
inferred that terrestrial material transported by the Orange River is primarily sourced 
in the Drakensberg Mountains from Karoo sedimentary rocks (Mabote et al., 1997; de 
Villiers, 2000; Compton and Maake, 2007).  
A comparison of organic and inorganic geochemical proxies for the suspension loads 
upstream near the Orange-Vaal confluence, however, reveals a more complex 
picture. While the n-alkane compositions of suspension loads from the Vaal (O18) 
and Orange Rivers immediately upstream of the confluence (O17) are similar at this 
location (Figure 3-4, Table 3-3), the inorganic components indicate a variety of 
sedimentary sources (Hahn et al., 2015). These findings imply, to a certain extent, a 
decoupling of source areas for organic and inorganic material transported by the 
Orange River. The inorganic material might comprise a more hinterland signal 
probably due to higher weathering rates in its source region than in the lower river 
course (Le Roux, 1990; Mabote et al., 1997; de Villiers, 2000; Compton and Maake, 
2007). In contrast, a continuous contribution of the adjacent vegetation along the 
river course might overprint the organic matter signal. A similar de-coupling of 
organic and inorganic sedimentary signals has also been inferred for other major 
river systems, e.g. the Zambezi River (Schefuß et al., 2011; Just et al., 2014). 
The n-alkane distribution patterns and compound-specific δ13C for flood deposits 
show similar trends as the suspension loads downstream the Orange River (Figure 
3-4). However, unlike the suspension samples, the flood deposits upstream of the 
3 Sources, transport & deposition of terrestrial organic material: A case study from southwestern Africa 
 
51 
confluence with the Vaal River (Figure 3-1) differ in their n-alkane distributions and 
δ13C compositions. The Orange River flood deposit (O17) shows lower ACL27-33, 
Norm31 and Norm33 ratios as well as higher δ13C values than the Vaal flood deposit 
(O18, Figure 3-4, Table 3-3). The difference between flood deposits and suspension 
loads at the Orange-Vaal confluence may therefore indicate different sources for 
flood deposits and suspension loads within the Orange River system. For instance, 
soils of the Grassland Biome have on average higher δ13C values for C29 and C31 
than those of the Savanna and Nama Karoo biomes (Figure 3-3, Table 3-2). The 
ACL27-33 and Norm31 ratio are also lower for Grassland soils compared to Savanna 
and Nama Karoo soils (Figure 3-2, Table 3-2). Thus, the flood deposit of the Orange 
River upstream of the confluence could have originated in the more humid eastern 
Nama-Karoo transition zone to the Grassland Biome. It is important to consider that 
flood events integrate larger, albeit perhaps heterogeneous, spatial extents, and 
while occurring at a discrete point in time, they may entrain much older material as 
they erode the landscape. Comparison between flood deposits and suspension loads 
is thus problematic, particularly as our suspension load samples were collected only 
once and solely reflect a snapshot of the total fluvially-transported material. Another 
complicating factor is the age of the flood deposits. The Orange River flood deposit 
(O17) is older (856 ± 65 cal. years BP) than the Vaal River flood deposit (515 ± 20 
cal. years BP) (Table 3-1), and differences in n-alkane compositions for both the 
flood samples and the suspension load samples may be a result of changes in 
climate and vegetation through time (Holmgren et al., 2003; Scott et al., 2012; 
Chevalier and Chase, 2015). Additionally, modern commercial farming and grazing, 
accounting for ~ 80% of the total land area of South Africa (DAFF, 2016), has also 
possibly biased the signal in the modern suspension loads. At present, we have no 
conclusive argument whether it was a change in sediment source or 
climate/vegetation that was the dominant factor determining the observed variability, 
but nevertheless the increasing compound-specific δ13C trend downstream the 
Orange River is similar for both sample types. 
In general, this study indicates that terrestrial organic material discharged by the 
Orange River represents a heterogeneously integrated catchment signal, whereas all 
of the west coast rivers exhibit biomarker signals consistent with their locations in 
different vegetation zones. Flood deposits indicate that such events can carry a 
signal from the hinterland, while under non-flood conditions the suspension load 
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more reflects the local vegetation. To evaluate whether flood events, especially in the 
ephemeral Succulent Karoo rivers, or the non-flood conditions stronger contribute 
more or less significantly to the mudbelt sediments, further investigations are needed.  
3.6.3 Sources of terrestrial organic material matter in the southwest African 
mudbelt 
In marine surface sediments CPI values higher than 7 imply minor degradation of the 
long-chain n-alkanes and an origin from terrestrial higher plants (Eglinton and 
Hamilton, 1967). The ternary diagram (Figure 3-5) of relative C29, C31 and C33 n-
alkane abundance indicates that the n-alkane distributions of the marine surface 
sediments plot in the overlapping area of all biomes. This finding suggests a mixed 
signal derived from different source areas in the catchments of the Orange River and 
the west coast rivers. In all mudbelt samples the C31 n-alkane is more abundant than 
the C29 and C33 n-alkanes and overall there is low variability in n-alkane distribution 
across the mudbelt (Figure 3-2). Mudbelt surface sediment δ13C31 compositions        
(-25.9‰ to -27.0‰) are more enriched but show a range and trend similar to δ13C29  
(-27.4‰ to -28.8‰). While the C31 n-alkane is dominant in all biomes (Figure 3-2), it 
tends to be produced in higher amounts by succulent plants (Carr et al., 2014) and 
grasses (Vogts et al., 2009), the latter being present in all biomes. Given this 
observation, despite the higher abundance of the C31 n-alkane in the marine surface 
sediments, the δ13C of C29 is likely more informative about vegetation sources and is 
used here to discuss changes in terrestrial organic input. Although the n-alkane 
parameters do not show large amplitude changes for the marine surface sediments 
(Figure 3-6) compared to the soils, clear trends are evident along the transect, which 
likely are caused by sedimentary input from differential sources.  
The northernmost mudbelt sediments, closest to the Orange River and located near 
the Holgat River mouth (locations 1–2, Figure 3-1, Figure 3-6), show ACL27-33 values 
lower or equal to 31.0 and Norm31 and Norm33 ratios below or equal to 0.80 and 
0.64, respectively (Table 3-4). These values lie in the range of the biomes drained by 
the Orange River and its suspension loads (Figure 3-2, Figure 3-4). Compound-
specific δ13C compositions of the surface sediments (-28.0‰ to -28.8‰) also lie 
within the range of the biomes (-25.2‰ to -29.8‰) drained by the Orange River and 
the Orange River suspension loads (-27.3‰ to -30.9‰). In contrast, Holgat River 
flood deposits reach higher ACL27-33 (31.1 ± 0.2), Norm31 (0.90 ± 0.02), Norm33 
(0.70 ± 0.12) as well as more enriched δ13C (-25.7 ± 0.2‰) compositions (Figure 3-2, 
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Table 3-2). This implies that terrestrial organic matter in the northernmost mudbelt is 
largely derived from the Orange River and likely reflects a variably integrated signal 
of biomes drained by the Orange River. Zhao et al. (2015) investigated the pollen 
distribution in the same mudbelt surface sediments and found increased percentages 
of Poaceae (a dominant component of the Nama-Karoo, Grassland and Savanna 
biomes) and pollen from riparian taxa (Cyperaceae, Phragmites-type and Typha) in 
the northern mudbelt sediments, also implying a dominant source in the Orange 
River catchment.  
Further south in the central mudbelt (locations 3-4, Figure 3-6), the n-alkane proxies 
indicate an additional contribution from the CAM-rich Succulent Karoo Biome. This 
input manifests itself in increased ACL27-33 (31.2), Norm31 (0.83 to 0.84), Norm33 
(0.70 to 0.72) and slightly higher δ13C (-27.5 ‰ to -27.4‰) (Figure 3-6, Table 3-4). 
Similar signals are detected for the flood deposits of the ephemeral Holgat and 
Buffels rivers (Figure 3-2, Figure 3-3) with higher ACL27-33 (31.1 to 31.4), Norm31 
(0.90 to 0.92) and Norm33 (0.70 to 0.83) compared to the Orange River suspension 
loads and flood deposits. In terms of relative contributions from the various 
catchments, although the southward countercurrent transports Orange River derived 
sediments to the south, Mabote et al. (1997) argued that the countercurrent is not 
strong enough to transport medium to fine silt sediments as far south as the Buffels 
River mouth. In addition, increasing n-alkane concentrations from the northern to the 
central mudbelt (Table 3-4) indicate additional input from the adjacent continent. This 
is consistent with higher n-alkane concentrations in Succulent Karoo soils and in the 
flood deposits of the Holgat and Buffels rivers compared to other biomes and rivers 
(Table 3-2). Further, the C29 n-alkane in the Holgat River flood deposit (O7) is more 
13C-enriched (-25.7 ± 0.2‰) than the Orange River suspension loads and flood 
deposits (-27.8 ± 0.6‰) (Figure 3-4, Table 3-3). Pollen analyses show a slight 
increase of Aizoaceae and Asteraceae pollen abundances relative to grasses and 
riparian taxa in the central mudbelt sediments, likely reflecting higher contributions 
from the adjacent Nama Karoo and Succulent Karoo vegetation (Gray et al., 2000; 
Zhao et al., 2015). Nevertheless, the increased importance of Aizoaceae pollen in the 
central mudbelt sediments is less pronounced than the increase of compound-
specific δ13C values, which is not very surprising as Aizoaceae tends to produce 
relatively high amounts of plant waxes (Carr et al., 2014) but only low amounts of 
pollen (Dupont and Wyputta, 2003). Additionally, Mabote et al. (1997) detected 
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diverging grain-size trends in cores off the Orange and the Buffels River pointing to 
an additional sedimentary input by the Buffels River. It thus seems plausible that the 
terrestrial organic signals derived from the Orange River are overprinted by 
terrigenous contributions from the Holgat and Buffels rivers. However, despite the 
indications for a higher Succulent Karoo influence, we cannot differentiate terrestrial 
input from aeolian versus fluvial transport. Nevertheless, as the west coast wind 
regimes are dominantly southerly (Tyson and Preston-Whyte, 2000) it is likely that 
both aeolian and fluvial transport are dominated by material sourced from the 
western coastal margin.  
In the southern mudbelt (locations 5-9) the shift to lower δ13C29 , ACL and Norm 
ratios (Figure 3-6) can be attributed to the proximity of the Fynbos Biome, where soils 
are more depleted in n-alkane 13C (Fig. 3) and have lower ACL and Norm ratios 
(Figure 3-2) than the Succulent Karoo soils (Table 3-4) (Carr et al., 2014). This is 
consistent with the higher occurrence of Restionaceae pollen (primarily restricted to 
the Fynbos Biome) in the southern mudbelt sediments  (Zhao et al., 2015) as well as 
with findings of significant contributions from Olifants River suspension loads (Hahn 
et al., 2015).  
An interesting finding of this work is that the northernmost mudbelt surface sediments 
show comparable n-alkane parameters and compound-specific δ13C as the 
southernmost mudbelt surface sediments. Based on the pollen data (Zhao et al., 
2015), and considering that the Orange River today is the by far greatest supplier of 
sediment to the northern mudbelt (Bremner et al., 1990; Birch et al., 1991), it is, 
however, unlikely that the biomarker signal in the northern mudbelt is derived from 
the Fynbos Biome. It can, therefore, reasonably assumed that the observed trends in 
terrestrial organic signals in mudbelt sediments reflect local inputs and not long-range 
transported signals.  
In order to estimate the magnitude of n-alkane input by the Orange River and the 
west coast rivers along the north-south transect in the mudbelt, we applied a binary 
mixing model using compound-specific δ13C. We assume that a change in the 
northern and central mudbelt is attributed to an additional input of n-alkanes derived 
from the west coast rivers draining the Succulent Karoo and therefore define the two 
end-members as 1) the arithmetic mean of the weighted mean δ13C (C29 and C31) for 
the suspension loads of the Orange River (-28.7 ± 2.0‰) and 2) the mean for the 
flood deposits of the Buffels and Holgat rivers (-25.5 ± 1.6‰). This leads to an 
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increasing n-alkane contribution of about 33 ± 13% (from 30 – 57% to 64 – 90%) by 
the smaller west coast rivers from the northern to the central mudbelt. Towards the 
southern mudbelt, we proceed with the assumption that a change in δ13C in the 
southern mudbelt sediments is attributed to an input of Fynbos derived n-alkanes. 
For the Fynbos end-member we used the weighted mean δ13C of the suspension 
load from the Olifants River (-31.2 ± 1.3‰), which is suggested to reflect the Fynbos 
signal. Based on this, the Fynbos signal increases by 12 ± 11% from the Olifants 
River mouth (4 – 25%) to the southernmost location 30km north of the Berg River 
mouth (16 – 37%). We note, however, that these estimates are based on several 
assumptions and absolute numbers should be taken with caution. Additionally, 
aeolian transport from the coastal west coast biomes might contribute to the leaf wax 
inventory of the mudbelt. To evaluate the relative contribution of aeolian vs. fluvial 
transport to the mudbelt, further investigations are needed. Nevertheless, the 
estimation indicates that the terrestrial organic material in the mudbelt is derived not 
only from the Orange River, but also from the western coastal margin, including the 
Succulent Karoo, and, increasingly to the south, the Fynbos Biome. Considering 
these observations in terms of palaeoenvironmental research, they imply that a 
multiproxy approach in conjunction with other terrestrial proxies, such as pollen, 
allows to differentiate between terrestrial organic sources in the northern and 
southern mudbelt and more reliable palaeoenvironmental interpretations. 
 
3.7 Conclusions 
This study provides an overview of sources, effects of transport and depositional 
patterns of terrestrial organic material in the western South Africa coastal mudbelt. 
Based on terrestrial leaf wax n-alkane investigations of soils, river suspension loads 
and flood deposits, and marine sediments we found that: 
i) Biomes within the Orange River and west coast river catchments show on 
average differences in n-alkane distributions and compound-specific δ13C 
compositions, which are attributed to their different vegetation types, despite a 
large variability of individual samples. 
ii) Terrestrial organic material transported by the Orange River is overprinted by 
local downstream vegetation contributions during riverine transport. Therefore, 
the terrestrial organic material discharged by the Orange River represents a 
heterogeneously integrated catchment signal. 
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iii) The influence of the Orange River on the mudbelt sediments declines further 
south and is overprinted by signals derived from the western coastal margin, 
including the Succulent Karoo and Fynbos Biome. 
Our study underlines the need to identify sources of inorganic and organic terrestrial 
material for adequate interpretation in environmental reconstructions. Our findings 
suggest that future studies of mudbelt sediments must consider that 1) Orange River 
sediments do not necessarily solely reflect changes to the SRZ as a whole, but may 
reflect sub-regional dynamics, with a potential bias towards signals from the lower 
reaches of the river course, and 2) the mudbelt contains sediments from both the 
Orange river, the central west coast, and the Fynbos Biome, and that the relative 
contribution of these regions has likely changed significantly over time (Birch et al., 
1991). Considering the presented data and regional oceanic and atmospheric 
circulation patterns, it may be inferred that sediments in the southern mudbelt are 
likely well-suited to reconstruct palaeoenvironmental changes in the southwestern 
WRZ. While more complex, we suggest that using a multiproxy approach parallel 
investigations of northern and southern mudbelt sediments may allow reconstructions 
of palaeoenvironmental changes in at least some parts of the SRZ and the dynamics 
between these regions and the WRZ. 
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3.9 Supplementary Materials 
Suppl Table 3-1: ACL(27-33), CPI(27-33), Norm31, Norm33 as well as δ13C values of the homologues n-C29 and 
n-C31 of each soil sample. Sc Karoo and Na Karoo indicates Succulent and Nama Karoo, respectively. 
Sample 
name Biome Lat°S Long°E 
n-alkane 
(25-33) 
content 
 (µg/g 
sed) 
ACL 
(27-33) 
CPI 
(27-33) Norm31 Norm33 
δ13C-nC29 
(‰ VPDB) 
δ13C-nC31 
(‰ VPDB) 
FB1-1 Fynbos 32° 8.693 18° 39.21 4.1 31 11.2 0.7 0.61 -31.5 ± 0.6 -31.6 ± 0.0 
FB2-1 Fynbos 32° 13.135 19° 0.466 3.8 30.2 6.5 0.52 0.44 -33.8 ± 0.2 -32.6 ± 0.0 
FB3-1 Fynbos 32° 13.213 18° 59.732 3.8 31.4 13.7 0.82 0.76 -31.5 ± 0.4 -31.9 ± 0.0 
FB3-4 Fynbos 32° 13.213 18° 59.732 47 31.4 16.9 0.92 0.86 -27.9 ± 0.2 n.d. 
FB4-1 Fynbos 32° 7.903 19° 2.205 1.6 29.8 8.6 0.49 0.19 -32.7 ± 0.1 -31.6 ± 0.1 
FB4-3 Fynbos 32° 7.903 19° 2.205 1.9 29.5 7.1 0.57 0.26 -32.2 ± 0.0 -32.6 ± 0.0 
FB5-3 Fynbos 32° 30.074 19° 14.211 2.8 29.8 7.8 0.51 0.2 -32.7 ± 0.0 -32.3 ± 0.0 
FB5-4 Fynbos 32° 30.074 19° 14.211 2.1 29.9 7.5 0.47 0.16 -32.9 ± 0.1 -32.7 ± 0.1 
FB6-1 Fynbos 32° 21.882 20° 39.897 4.8 30.8 7.5 0.7 0.51 -31.9 ± 0.1 -32.6 ± 0.0 
FB6-2 Fynbos 32° 21.882 20° 39.897 12 29.9 11.6 0.43 0.11 n.d. -32.5 ± 0.1 
SV2-3 Fynbos 32° 37.555 18° 17.434 2.4 31 13.7 0.83 0.63 -32.4 ± 0.1 -32.2 ± 0.0 
SV2-4 Fynbos 32° 37.555 18° 17.434 17 30.5 15.1 0.86 0.45 -33.7 ± 0.1 -34.3 ± 0.0 
SV3-3 Fynbos 32° 18.494 18° 24.074 4.5 30.5 12 0.6 0.35 -31.5 ± 0.1 -30.7 ± 0.0 
SV4-1 Fynbos 32° 7.245 18° 25.602 2.7 31.2 11 0.84 0.73 -31.6 ± 0.1 -30.7 ± 0.0 
SV4-3 Fynbos 32° 7.245 18° 25.602 11 30.6 17.3 0.67 0.33 -33.5 ± 0.0 -31.3 ± 0.1 
SV5-2 Fynbos 32° 22.793 18° 22.178 1 30.5 9.4 0.62 0.4 -33.7 ± 0.1 -34.1 ± 0.0 
SV5-3 Fynbos 32° 22.793 18° 22.178 3.5 30 12.4 0.47 0.33 -31.1 ± 0.1 -32.9 ± 0.0 
SP1 Fynbos 32° 39.183 18° 16.674 27 31.1 9.6 0.81 0.73 -31.5 ± 0.1 n.d. 
CNT2-3 Sc Karoo 30° 24.782 18° 46.955 1.2 31.6 9.4 0.91 0.89 n.d. -24.2 ± 0.0 
CNT3-1 Sc Karoo 30° 10.204 18° 57.212 2.5 31 8.5 0.94 0.89 n.d. -22.7 ± 0.2 
SK1-2 Sc Karoo 32° 8.681 18° 53.989 37 30.8 30.2 0.89 0.38 -34.4 ± 0.1 n.d. 
SK1-4 Sc Karoo 32° 8.681 18° 53.989 25 31 28.2 0.94 0.57 -29.0 ± 0.1 -28.0 ± 0.0 
SK2-1 Sc Karoo 31° 34.24 18° 32.124 17 31.7 26.9 0.94 0.92 -31.3 ± 0.1 -28.3 ± 0.3 
SK2-2 Sc Karoo 31° 34.24 18° 32.124 7.7 32.1 21.3 0.93 0.96 -31.6 ± 0.2 -28.8 ± 0.1 
SK3-4 Sc Karoo 31° 26.959 18° 36.161 6.8 31.7 14.5 0.88 0.89 n.d. -26.5 ± 0.0 
SK4-1 Sc Karoo 31° 26.675 18° 42.131 2.7 31.1 16 0.91 0.72 n.d. -25.1 ± 0.0 
SK5-3 Sc Karoo 31° 0.86 18° 15.815 19 30.9 18.2 0.78 0.53 -33.2 ± 0.1 -31.5 ± 0.1 
SK6-1 Sc Karoo 30° 46.411 18° 29.081 2.5 31.3 12.8 0.86 0.79 -29.2 ± 0.1 -28.2 ± 0.1 
SK6-3 Sc Karoo 30° 46.411 18° 29.081 16 30.8 17.9 0.83 0.41 -26.6 ± 0.0 -25.5 ± 0.2 
SK7-1 Sc Karoo 30° 26.086 18° 46.015 2.2 31.3 15.4 0.92 0.83 -27.6 ± 0.0 -29.6 ± 0.0 
SK8-3 Sc Karoo 30° 50.934 19° 4.679 7.5 31.2 23.4 0.88 0.69 -28.4 ± 0.1 -26.4 ± 0.1 
SK9-3 Sc Karoo 31° 23.926 19° 1.707 5.7 30.9 15.1 0.89 0.55 -28.7 ± 0.2 -32.8 ± 0.0 
SK9-4 Sc Karoo 31° 23.926 19° 1.707 7.3 31.1 20 0.92 0.68 -30.7 ± 0.4 -32.7 ± 0.1 
SK10-3 Sc Karoo 31° 28.394 19° 50.399 6.4 30.9 19.1 0.9 0.51 -28.1 ± 0.3 -24.8 ± 0.1 
SK11-3 Sc Karoo 32° 33.482 20° 34.099 4.7 31.1 12.3 0.79 0.68 -26.0 ± 0.0 -27.4 ± 0.1 
SK12-3 Sc Karoo 33° 5.176 20° 35.565 11 31.4 19.5 0.91 0.84 -30.0 ± 0.1 -29.2 ± 0.1 
SK15-2 Sc Karoo 31° 56.156 19° 8.965 8.9 31.6 14.7 0.92 0.89 -32.5 ± 0.1 -30.4 ± 0.1 
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Sample 
name Biome Lat°S Long°E 
n-alkane 
(25-33) 
content 
 (µg/g 
sed) 
ACL 
(27-33) 
CPI 
(27-33) Norm31 Norm33 
δ13C-nC29 
(‰ VPDB) 
δ13C-nC31 
(‰ VPDB) 
CNT5-3 Na Karoo 29° 31.316 19° 26.265 1.6 31 6.1 0.89 0.63 n.d. -30.5 ± 0.2 
CNT6-2 Na Karoo 28° 57.867 19° 23.438 17 30.6 11.2 0.79 0.39 -20.8 ± 0.0 -21.9 ± 0.0 
GTC18-
2 Na Karoo 29° 6.205 23° 44.356 1 30.4 3.5 0.61 0.6 -27.1 ± 0.3 -26.6 ± 0.1 
GTC18-
3 Na Karoo 29° 6.205 23° 44.356 2.4 30.4 7 0.61 0.49 -27.9 ± 0.4 -28.6 ± 0.3 
GTC19-
3 Na Karoo 29° 22.453 23° 20.132 1.9 30.2 5.8 0.75 0.62 -27.5 ± 0.3 -31.0 ± 0.1 
GTC20-
2 Na Karoo 29° 40.527 22° 55.967 1 30.9 2.4 0.76 0.6 -25.2 ± 0.2 -28.3 ± 0.3 
GTC21-
3 Na Karoo 29° 29.43 22° 45.956 2 30.9 4.6 0.72 0.59 -29.7 ± 0.2 -28.1 ± 0.0 
GTC25-
2 Na Karoo 29° 5.781 22° 2.292 1.3 31.2 4.3 0.66 0.72 -25.0 ± 0.4 -26.8 ± 0.1 
GTC27-
3 Na Karoo 29° 23.441 21° 7.383 1.4 30.8 4.7 0.74 0.59 -26.8 ± 0.3 -26.5 ± 0.1 
GTC28-
2 Na Karoo 29° 46.937 20° 47.237 1.5 30.8 4.5 0.89 0.5 -27.8 ± 0.3 -31.2 ± 0.0 
GTC28-
3 Na Karoo 29° 46.937 20° 47.237 5 30.9 15.8 0.95 0.42 -32.4 ± 0.1 -34.8 ± 0.0 
GTC30-
2 Na Karoo 30° 40.856 20° 24.637 0 31.3 6.1 0.88  -25.3 ± 0.4 -27.4 ± 0.2 
GTC30-
3 Na Karoo 30° 40.856 20° 24.637 2.3 30.9 9.9 0.86 0.59 -28.8 ± 0.2 -29.6 ± 0.1 
NK1-2 Na Karoo 31° 18.481 20° 9.989 7.9 31.2 14.8 0.86 0.73 -30.3 ± 0.0 -30.3 ± 0.1 
NK1-3 Na Karoo 31° 18.481 20° 9.989 3.2 31 13.2 0.86 0.68 -29.7 ± 0.1 -29.7 ± 0.1 
GTC6-3 Grassland 27° 0.576 28° 35.469 2.4 30.8 6.5 0.65 0.61 n.d. -25.5 ± 0.1 
GTC7-1 Grassland 27° 25.925 28° 30.626 2.5 31.3 6.6 0.7 0.74 -22.7 ± 0.1 -24.0 ± 0.0 
GTC8-1 Grassland 27° 55.282 28° 23.389 3.1 30.6 6.3 0.66 0.63 -24.1 ± 0.2 -25.6 ± 0.0 
GTC8-2 Grassland 27° 55.282 28° 23.389 4.9 31.1 7.2 0.72 0.71 -23.9 ± 0.2 -26.0 ± 0.2 
GTC8-3 Grassland 27° 55.282 28° 23.389 4.2 30.6 5 0.77 0.61 -30.6 ± 0.3 -31.9 ± 0.1 
GTC9-1 Grassland 28° 35.260 28° 23.728 3.2 29.7 4 0.64 0.66 -21.2 ± 0.0 -22.0 ± 0.3 
GTC11-
3 Grassland 28° 57.935 27° 5.321 7.4 30.4 7.8 0.66 0.56 -30.9 ± 0.2 -30.8 ± 0.3 
GTC12-
2 Grassland 28° 50.288 26° 36.848 6.5 31 6.7 0.74 0.74 -27.0 ± 0.1 -29.1 ± 0.1 
GTC12-
3 Grassland 28° 50.288 26° 36.848 3.7 30.3 3 0.56 0.63 -20.8 ± 0.1 -21.7 ± 0.1 
GTC13-
2 Grassland 29° 8.767 26° 4.824 1.9 30.8 3.3 0.68 0.66 -22.6 ± 0.1 -22.4 ± 0.2 
GTC14-
2 Grassland 29° 8.006 25° 33.448 1 30.4 4.4 0.43 0.49 -28.0 ± 0.1 -24.5 ± 0.1 
GTC15-
3 Savanna 28° 58.890 25° 3.323 2.5 31 4.3 0.71 0.68 -26.8 ± 0.1 -27.1 ± 0.1 
GTC16-
2 Savanna 28° 45.917 24° 42.159 1.9 31.1 4.2 0.68 0.76 -25.5 ± 0.1 -24.6 ± 0.4 
GTC16-
3 Savanna 28° 45.917 24° 42.159 3.9 30.2 7.2 0.41 0.39 -29.3 ± 0.1 -28.6 ± 0.1 
GTC17-
3 Savanna 28° 56.323 24° 13.553 2.5 30.9 9 0.82 0.61 n.d. -33.5 ± 0.1 
GTC23-
2 Savanna 28° 44.864 22° 31.187 1.5 31.8 8.5 0.65 0.85 -23.9 ± 0.3 -25.3 ± 0.2 
GTC23-
3 Savanna 28° 44.864 22° 31.187 1.9 31.3 7.1 0.6 0.76 -26.0 ± 0.3 -27.7 ± 0.1 
GTC24-
3 Savanna 28° 38.660 22° 15.040 1 30.8 3.3 0.75 0.63 n.d. -29.8 ± 0.2 
n.d. not determined 
ACL27-33: averaged chain length of odd carbon numbered n-alkanes from carbon number 27 to 33. 
CPI27-33: carbon preference index of n-a lkanes from carbon number 27 to 33. 
Norm31 = C31/(C31+C29) 
Norm33 = C33/(C33+C29) 
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4.1 Abstract 
The hydrogen isotope composition of plant leaf wax (δDw ax) has been found to record 
the isotope composition of precipitation (δDp). Hence, δDw ax is increasingly used for 
palaeohydrological reconstruction. δDw ax is, however, also affected by secondary 
factors, such as vegetation type, evapotranspiration and environmental conditions, 
complicating its direct application as a quantitative palaeohydrological proxy. Here, 
we present δDw ax data from soils along vegetation gradients and climatic transects in 
southern Africa to investigate the impact of different environmental factors on δDw ax. 
We found that δDw ax correlated significantly with annual δDp (obtained from the 
interpolated Online Isotopes in Precipitation Calculator data set) throughout eastern 
and central South Africa, where the majority of the mean annual precipitation falls 
during the summer. We found evidence for the effect of evapotranspiration on δDw ax, 
while vegetation change was of minor importance. In contrast, we found that δDw ax 
did not correlate with annual δDp in western and southwestern South Africa, where 
most of the mean annual precipitation occurs during winter. Wide microclimatic 
variability in this topographical variable region, including distinct vegetation 
4 Hydrogen isotope fractionation of leaf wax n-alkanes in southern African soils 
 
62 
communities and high vegetation diversity between biomes, as well as a potential 
influence of summer rain in some locals, likely compromised identification of a clear 
relationship between δDw ax and δDp in this region. Our findings have implications for 
palaeoenvironmental investigations using δDw ax in southern Africa. In the summer 
rain dominated eastern and central region, δDw ax should serve well as a qualitative 
palaeohydrological recorder. In contrast, the processes influencing δDw ax in the winter 
rain dominated western and southwestern South Africa remain unclear and pending 
further analyses potentially constrain its use as palaeohydrological proxy in this 
region. 
 
4.2 Introduction 
Long chain n-alkanes of plant leaf waxes, and their compound-specific stable 
hydrogen isotope compositions (δDw ax) are widely used as a palaeoenvironmental 
proxy, providing insights into past hydrological conditions (e.g. Schefuß et al., 2005; 
Seki et al., 2009; Niedermeyer et al., 2010; Collins et al., 2013; Kuechler et al., 
2013).They are stable over geological time scales (Schimmelmann et al., 2006; 
Eglinton and Eglinton, 2008) and δDw ax in lake surface sediments and soils has been 
shown to correlate with δD of local precipitation (δDp; Sachse et al., 2004; Rao et al., 
2009; Polissar and Freeman, 2010; Luo et al., 2011; Garcin et al., 2012; Schwab et 
al., 2015; Tuthorn et al., 2015). However, δDw ax has also been shown to be 
influenced by other factors, such as evapotranspiration or plant growth form, which 
may bias its signal (e.g. Hou et al., 2008; Feakins and Sessions, 2010a; Seki et al., 
2010; Douglas et al., 2012; Kahmen et al., 2013b; Berke et al., 2015). To reliably 
reconstruct hydrological changes in specific settings it is thus essential to understand 
the factors affecting δDw ax in specific environments.  
The primary factor controlling δDw ax is the hydrogen isotope composition of 
precipitation which depends on various environmental processes. These include the 
intensity of precipitation (amount effect), the distance that moisture has travelled over 
a continental landmass (continental effect), the altitude effect, condensation 
temperature (temperature effect) and the global ice volume (ice effect) (Dansgaard, 
1964; Gat, 1996; Araguás-Araguás et al., 2000). In detail, the amount effect 
describes the decrease in δDp with increasing rainfall amount/intensity and is most 
pronounced in the tropics and mid-latitudes during the rainy season(Dansgaard, 
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1964; Rozanski et al., 1993; Worden et al., 2007; Risi et al., 2008). Decreasing δDp is 
also caused by air masses moving over land away from their oceanic sourcedue to 
preferential removal of isotopically enriched precipitation during rainout and 
isotopically depleted residual. The same process decreases δDp during orographic 
uplift of atmospheric moisture, known as the altitude effect (Dansgaard, 1964; 
Rozanski et al., 1993). With decreasing temperature, the atmosphere can store less 
moisture, resulting in greater effective rainfall and therefore greater depletion of δDp 
(temperature effect), which becomes a more important effect at mid-to high latitudes 
(Dansgaard, 1964; Rozanski et al., 1993). Additionally, over longer time-scales the 
global ice volume affects the isotope composition of mean ocean surface water 
(Dansgaard, 1964). 
As soil water and precipitation are the main sources of plant water, their isotopic 
signature is taken up by plants in their stem and leaf water (e.g. Flanagan and 
Ehleringer, 1991; Gat, 1996). An additional factor that may then alter leaf water δD is 
D enrichment due to evapotranspiration, which is most pronounced in arid regions 
(e.g. Krull et al., 2006; Liu et al., 2006; Kahmen et al., 2013a). Furthermore,  
apparant hydrogen isotope fractionation (i.e. the difference between δDp and δDw ax ) 
has been shown to vary with vegetation type (e.g. grasses, shrubs; Kahmen et al., 
2013b), photosynthetic pathway (Liu and Yang, 2008; Feakins and Sessions, 2010b; 
Gamarra et al., 2016), leaf shape (Gao et al., 2015) and water use efficiency (Hou et 
al., 2007a; Liu and Yang, 2008). Some studies show large differences in hydrogen 
isotope fractionation between source water and leaf wax, with substantially smaller 
apparent fractionation reported in arid vs. humid climates (e.g Feakins and Sessions, 
2010a; Polissar and Freeman, 2010; Smith and Freeman, 2006). Additionally, CAM 
plants, common in semi-arid and arid environments (Ting, 1985), have been reported 
to exhibit smaller apparent fractionation than C3 and C4 plants (Feakins and 
Sessions, 2010b). As apparent fractionation, mostly of C3 vs. C4 plants, is often used 
for palaeohydrological reconstruction, the environmental controls on apparent 
fractionation in semi-arid to arid regions is of substantial interest. 
While many studies of leaf wax δD focus on plants, either in natural environments or 
greenhouse experiments (e.g. Bi et al., 2005; Sachse et al., 2006; Smith and 
Freeman, 2006; Hou et al., 2007a; Liu and Yang, 2008; Feakins and Sessions, 
2010b; McInerney et al., 2011; Gao et al., 2014, 2015; Feakins et al., 2016) relatively 
few have systematically investigated the compound-specific stable isotope 
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composition of leaf wax components in soils (Chikaraishi and Naraoka, 2006; Krull et 
al., 2006; Jia et al., 2008; Luo et al., 2011; Schwab et al., 2015; Zech et al., 2015). As 
waxes are initially deposited in soils, soils serve as an intermediate reservoir before 
ultimate deposition in lacustrine or marine archives. Soils therefore, better reflect the 
integrated source of plant wax for such archives. It is known that certain plant 
functional types produce a higher amounts of leaf wax than others (Diefendorf et al., 
2011; Bush and McInerney, 2013; Carr et al., 2014), so the relative contributions of 
leaf waxes from different plant types may differ significantly from their relative 
proportions in the vegetation cover. It is shown that site averages of plants mitigate 
the effects of large interspecies variability in δDw ax and therefore better reflect source 
water δD (Feakins and Sessions, 2010a).  
The aim of this work is to evaluate the influence of different environmental factors on 
the δDw ax composition of soils from southern Africa. Here we consider compound-
specific δDw ax of n-alkanes across soils collected along transects in South Africa. 
These transects cover a wide range of climatic conditions and vegetation types. We 
compare our data with predicted hydrogen isotope composition of precipitation 
obtained from the Online Isotopes in Precipitation Calculator (OIPC; Bowen and 
Revenaugh, 2003), and groundwater (West et al., 2014) as well as compound 
specific δ13C composition (Herrmann et al., 2016) to address the following questions: 
1) Does δDw ax in southern African soils reflect the stable hydrogen composition of 
precipitation (δDp)?  
2) What additional factors influence δDw ax? 
3) What are the implications for (palaeo-)environmental reconstructions utilising 
δDw ax in southern Africa? 
 
4.3 Study area 
4.3.1 Climate 
Southern Africa experiences pronounced precipitation seasonality, and seasonality 
variability (Figure 4-1a, c), driven by seasonal changes in large-scale atmospheric 
and oceanic circulation systems (Tyson and Preston-Whyte, 2000). The eastern and 
central parts of South Africa receive most (> 66%) of their mean annual precipitation 
(MAP) between October and March, sourced from the Indian Ocean and brought by 
tropical easterlies. This is commonly referred to as the summer rainfall zone (SRZ, 
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sensu Chase and Meadows, 2007). In contrast, the southwestern margin of South 
Africa is influenced by frontal systems associated with the westerly storm tracks 
(Tyson, 1986) and receives > 66% of its MAP during the austral winter. This region is 
therefore called the winter rainfall zone (WRZ; Chase and Meadows, 2007). Between 
the WRZ and SRZ, a dynamic transition zone is affected by both tropical and 
temperate systems and receives a more equitable distribution of precipitation during 
the year, but with significant inter-annual variability. This zone is often referred to as 
the year-round rainfall zone (YRZ). Combined with strong variation in precipitation 
seasonality, South Africa also shows a pronounced precipitation gradient (Figure 
4-1a) from the arid western margin with very low MAP (ca. 50 mm/yr) increasing to 
the Drakensberg mountains (ca. 1200 mm/yr) in the east, and peaking at ca. 1700 
mm/yr in the northeast of the country. A weaker gradient of increasing rainfall to the 
southwestern tip (ca. 1100 mm/yr) is also observed (Hijmans et al., 2005). Apart from 
the pronounced rainfall gradient, mean annual temperature (MAT) also varies 
significantly from 5 to 24 °C. Highest temperatures occur in the northwest and 
northeast, whereas the coldest temperatures are related to higher elevation (> 3000 
m above sea level), most notably in the Drakensberg mountains (Hijmans et al., 
2005). This interplay of precipitation and temperature leads to general higher aridity 
in the north-western and central parts vs. southwestern and eastern South Africa. 
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4.3.2 Vegetation 
Climatic conditions strongly shape the vegetation distribution in South Africa (Figure 
4-1b). The biomes comprise the Desert and Succulent Karoo biomes in the west, the 
Fynbos Biome of the Cape, the Afromontane Forest, Thicket and Coastal Forests of 
the southern and Indian Ocean margins, and the Nama Karoo, Grassland and 
Savanna biomes of the interior (Cowling et al., 1997; Mucina and Rutherford, 2006). 
These biomes are characterised by a variety of plant functional types (Mucina and 
Rutherford, 2006). Woody C3 plants and C3 grasses dominate the Fynbos Biome and 
in cool, high-altitude grasslands of the Drakensberg Mountains (Figure 4-1d). In 
contrast, C4 grasses dominate the Grassland and Savanna biomes of the interior 
(Werger and Ellis, 1981), reflecting increased aridity and particullary high (summer) 
growing season temperatures (Vogel, 1978; Scott and Vogel, 2000). Plants using 
crassulacean acid metabolism (CAM), including many succulents, are dominant in 
arid regions with high rainfall seasonality, such as in the Succulent Karoo and 
western Nama Karoo, but also exist in abundance in other biomes (Mooney et al., 
1977; Werger and Ellis, 1981).  
 
4.4 Material & Methods 
4.4.1 Sampling 
Soil samples were collected in 2010, 2012 and 2013 (Figure 4-1). Part of the 
sampling in the Succulent Karoo and Fynbos biomes in 2010 was carried out via a 
series of 10 x 10 m vegetation survey plots. For the other sites, three samples from a 
10-20 m radius were collected, but were not associated with detailed vegetation 
surveys. Soils from the survey plots were collected from the upper 10 to 15 cm (A 
horizon with removed litter layer) at four fixed locations within each plot (see Carr et 
al., 2013).  
4.4.2 Preparation and lipid extraction 
The samples were freeze-dried at the University of Leicester and were ground using 
an agate mortar and pestle after removal of root and stem pieces. They were 
extracted 3x with an accelerated solvent extractor (ASE200) using 9:1 
dichloromethane (DCM) and MeOH at 100 °C, 1000 psi for 5 min. Squalane was 
added as internal standard in known amount before extraction. Blank samples 
(combusted sand) contained only trace amounts of lipids. Each total lipid extract 
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(TLE) was concentrated using rotary evaporation. The TLE was separated into 
hexane-insoluble and hexane-soluble fractions by pipette column chromatography 
consisting of 4 cm sodium sulphate (Na2SO4). The hexane-soluble fraction was 
saponified with 0.1M KOH in MeOH at 85 °C for 2 h. Neutral compounds were then 
extracted with hexane. The hydrocarbons were obtained from the neutral fraction via 
pipette column chromatography consisting of 4 cm of deactivated silica gel (60 mesh, 
1% H2O) using ca. 4 ml of hexane. The hydrocarbons were separated into 
unsaturated and saturated hydrocarbon compounds by pipette column 
chromatography loaded with AgNO3-Si-coated (4 cm) using ca. 4 ml of hexane as 
solvent.  
Some soil samples had high contents of cyclic and branched hydrocarbons, which 
complicate the identification and separation of individual n-alkanes for compound-
specific isotope analysis. In these cases urea adduction was carried out to separate 
n-alkanes from cyclic and branched hydrocarbons. To this end, 4.5 ml hexane/DCM 
(2:1) and 1.5 ml urea solution (40 mg/ml in MeOH) were added to the hydrocarbon 
fraction and cooled to 4 °C for 15 min and then dried under N2. Hexane was then 
added and removed after vortexing for 30 s with a pipette. The procedure was 
conducted 3 times. MilliQ water was added to dissolve the urea crystals and n-
alkanes were extracted using hexane/DCM (4:1). 
4.4.3 Instrumental analysis 
Quantification of long chain n-alkanes was conducted using a ThermoFischer 
Scientific Focus gas chromatograph equipped with a Rxi-5 ms 30 column (30m, 0.25 
mm, 0.25µm), a split/splitless injector operating at 260°C and a flame ionization 
detector (GC-FID). Helium was used as carrier gas at 1.9 mL min-1. Samples were 
injected in hexane and the GC temperature was programmed to increase from 60°C 
(2 min hold) to 150°C with 20°C/min, and then with 4°C/min to 320°C (held for 11 
min). An external standard was used for quantification containing n-C18 to n-C34 
alkanes in known concentration. Repeated analyses of the external standard resulted 
in a quantification precision of 5 %.  
Compound-specific δD analysis of leaf wax n-alkanes were carried out using a 
ThermoFischer Scientific Trace GC equipped with a HP-5 ms column (30 m, 0.25 
mm, 1 µm) coupled, via a pyrolysis reactor operated at 1420 °C, to a ThermoFischer 
MAT 253 isotope ratio mass spectrometer. Helium was used as carrier gas at 1.2 mL 
min-1. The samples were injected into a PTV injector at 45°C and then transferred 
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onto the GC column. The GC temperature was programmed to increase from 120°C 
(3 min hold) to 200°C with 30 °C/min, and then with 4°C/min to 320°C (held for 24 
min). All δD measurements were calibrated against H2 reference gas (δD = -337 ± 3 
‰) which δD value was determined by analyses of four IAEA water standards using a 
ThermoFisher Scientific thermal conversion/elemental analyser. All δD values are 
given in permil (‰) relative to Vienna Standard Mean Ocean Water (VSMOW). The 
daily measured H+3 factor varied between 5.2 and 5.4 ppm n/A during the analysis 
period with maximum variation of 0.1 ppm n/A from day to day. A laboratory 
standard, containing of 15 n-alkanes and squalane with known isotopic composition 
(ranging from -261 to -33‰), was measured before each sample sequence and after 
every six sample measurements and yielded a long term accuracy and precision of 0 
and 2.3‰ (n > 5000), respectively. The laboratory standard was measured routinely 
against offline-determined standards (mixtures of n-alkanes “Arndt B2” from Arndt 
Schimmelmann, Department of Geological Sciences, Indiana University) with isotopic 
offsets within analytical error. Data processing was accomplished using Isodat 
software 3.0. For each sample at least a duplicate measurement was obtained and 
the averaged precision was 1‰ for the homologues n-C29 and n-C31. The precision of 
the internal standard (squalane) was 2‰ (n=50). Compound-specific δ13C values 
have been reported before (Herrmann et al., 2016).  
4.4.4 Climate data 
Site-specific mean annual precipitation (MAP), mean annual temperature (MAT), the 
seasonality of precipitation and temperature, as well as the monthly and quarterly 
precipitation and temperature extremes, were obtained from WorldClim 1.4 (Hijmans 
et al., 2005). The data are based on interpolation of average monthly climate data 
from weather stations on a 30 arc-second (ca. 1 km²) resolution grid. The aridity 
index and potential evapotranspiration (PET) data were obtained from the CGIAR-
CSI GeoPortal on a 30 arc-second (ca. 1 km²) resolution grid (Trabucco and Zomer, 
2009). 
4.4.5 δD of precipitation and groundwater 
Annual average and monthly data for δD of precipitation (δDp) were obtained from the 
online isotopes in precipitation calculator (OIPC, www.waterisotopes.org, accessed 
April 2014) using a 10’ resolution grid (Bowen and Revenaugh, 2003; Bowen et al., 
2005). The data are based on interpolation of the D isotope composition of 
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precipitation obtained from the Global Network for Isotopes in Precipitation (GNIP) 
database. The 95% confidence interval of interpolated δDp ranges between 3 and 6‰ 
for the study area in South Africa (Bowen and Revenaugh, 2003). Note that the 
coverage of δDp monitoring weather stations is poor in southern Africa (two stations, 
one in Pretoria and one in Cape Town), and therefore the accuracy of the 
interpolated isotope distribution may be limited. A comparison of annual δDp and 
MAP along the soil transects revealed a strong negative correlation, suggesting 
control via the amount effect in the SRZ (r = -0.84, p < 0.001), whereas annual δDp 
and MAP showed a weak correlation in the YRZ (r = -0.67, p = 0.143) and no 
correlation in the WRZ (r = -0.33, p = 0.130; Figure 4-2). Consistent with this, a 12-yr 
record from Cape Town (WRZ) shows a weak amount effect and temperature effect 
(Harris et al., 2010). In contrast δDp correlates negatively with altitude in the SRZ and 
the WRZ (Suppl Fig. 4-1). For further analysis, additional δD values for groundwater 
were obtained from West et al. (2014). They are based on spatial analysis of 
measured δD values of groundwater (δDg) from 369 monitoring locations across 
South Africa sampled between April 2006 and September 2007 (West et al., 2014). 
The standard deviation of δDg ranges between 6.6 and 7.3‰. 
 
Figure 4-2: Comparison of mean annual precipitation (MAP; Hijmans et al., 2005) and interpolated δD 
values of annual precipitation (OIPC; Bowen and Revenaugh, 2003) for the locations in the study area. 
The locations are divided into the summer rainfall (SRZ, closed grey dots), winter rainfall (WRZ, open 
dots) and year round rainfall (YRZ, open triangles) zones. Grey line indicates the linear fit for the SRZ data 
and dashed lines indicate the 95% confidence interval.  
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4.5 Results & discussion 
4.5.1 Source of soil n-alkanes 
In an earlier study of the same soil samples (Herrmann et al., 2016) we found a 
predominance of long-chain n-alkanes and CPI values of higher than 4 in most soil 
samples indicating a terrestrial higher plants origin and a relatively non-degraded 
state. It has been shown that residence time of plant wax biomarkers in the soils 
might be very long, i.e. up to millennia, depending on environmental conditions 
(Conte and Weber, 2002; Drenzek et al., 2007; Kusch et al., 2010; Galy et al., 2011). 
Therefore, δDw ax potentially incorporates much older δDp signals. As we have no 
compound-specific 14C dating for our samples, we cannot rule out large 
discrepancies of leaf wax ages in the soils. However, radiocarbon dating on bulk total 
organic carbon of Grassland (location GTC9) and Savanna (location GTC24) soils 
results in modern ages (post-1950; Herrmann et al., 2016). Even though we cannot 
completely rule out an additional input of wind transported leaf waxes, a strong site-
by-site correlation between plant and soil wax distributions and their δ13C signals has 
previously been shown for the Succulent Karoo and Fynbos soils (Carr et al., 2013, 
2014; Herrmann et al., 2016). Further, studies have been shown, that input of aeolian 
transported material is negligible south of 25°S (Prospero et al., 2002; Dupont and 
Wyputta, 2003; Eckardt and Kuring, 2005; Vickery et al., 2013). Therefore, we expect 
that the bulk of soil n-alkanes shows a predominant local signal (Herrmann et al., 
2016).  
For further discussion we focused on the n-C29 and n-C31 alkanes as they are 
typically used for (palaeo-)climatic studies (e.g. Sachse et al., 2006; Aichner et al., 
2010) with the latter being the most abundant homologue in our samples (Herrmann 
et al., 2016). The concentrations of n-C29 and n-C31 in all samples are presented in 
the Supplementary material and range between 0.05 and 5.3 µg/g dry weight (dw) 
and 0.2 to 29 µg/g dw for n-C29 and n-C31, respectively. Intra-site variation (range) is 
between to 4.4 µg/g dw (n-C29) and 26 µg/g dw (n-C31).  
4.5.2 Relationship between δDw ax, δDp and δDg 
δDw ax varies from -75 to -151‰ for n-C29 and -105 to -161‰ for n-C31 (Suppl Table 
4-1). The intra-site variation spanned a range of 1 to 41‰ for n-C29 and 0 to 30‰ for 
n-C31. We calculated the amount-weighted mean δDw ax of both homologues (n-C29 
and n-C31) for each soil sample and then the amount-weighted mean of soils from 
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each plot to obtain a vegetation-integrated δDw ax signal for each location. For the 
SRZ, the most negative δDw ax values are found in the grassland biome, with a 
gradual increase to the west to the Nama Karoo biome (Table 4-1). 
Several studies show a correlation between δDw ax and δDp for different ecosystems 
(Sachse et al., 2006; Smith and Freeman, 2006; Polissar and Freeman, 2010; Garcin 
et al., 2012; Berke et al., 2015; Schwab et al., 2015; Feakins et al., 2016). However, 
there is no correlation between δDw ax and annual δDp (r = -0.12, p = 0.41), if all 
locations across this study area are included (Table 4-2). Considering the distinct 
rainfall zones separately, however, we observe a different picture. In the SRZ δDw ax 
is correlated significantly with annual δDp (r = 0.65, p < 0.01; Table 4-2), suggesting 
that δDw ax reflects the δD signal of annual precipitation. However, the range (Table 
4-1) of δDw ax (49‰) is substantially wider than for δDp (17‰) in the SRZ. In the drier 
regions of South Africa soil water is likely to be more affected by evaporation, leading 
to a D enrichment of soil water and therefore D enriched source water for plants. 
Additionally, earlier studies found D enriched leaf water due to greater leaf 
transpiration in drier regions (Smith and Freeman, 2006; Aichner et al., 2010b; 
Sachse et al., 2012; Kahmen et al., 2013a, 2013b). As a consequence this combined 
evapotranspiration leads to higher δDw ax composition in drier areas (Smith and 
Freeman, 2006; Feakins and Sessions, 2010a; McInerney et al., 2011; Douglas et 
al., 2012; Kahmen et al., 2013a). Therefore the greater range in δDw ax than in δDp is 
not unexpected. 
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δDw ax values for the WRZ show a gradual increase from the southern Fynbos to the 
more northern Succulent Karoo biome and a narrower range (Table 4-1) than for the 
SRZ. Contrary to the SRZ, the area of the WRZ is much smaller, which leads to 
reduced distance from the moisture source in the Atlantic Ocean and therefore to a 
slightly narrower range of δDp (15‰). The WRZ is, however, affected not only by rain 
bearing systems from the Atlantic Ocean but also by moisture derived from the 
southeast (Tyson and Preston-Whyte, 2000), which becomes more important for the 
south-eastern part. This overlap can complicate the assignment of moisture sources. 
It has been shown that rain generation in frontal systems is complex, and a clear 
relationship between isotopic composition and precipitation amount is lacking (Harris 
et al., 2010). The topography of the WRZ serves to complicate such relationships 
further with the Cape Fold Mountains a source of much greater 
topographic/microclimatic variability than the interior SRZ. The resulting orographic 
effects will lead to specific microclimates in mountainous areas of the WRZ, including 
higher precipitation rates on the windward sides of slopes and lower rates on the 
leeward sides (Houze, 2012), as well as small-scale differences in δDp composition 
Table 4-2: Pearson correlation coefficients (r) between δDwax and δDp values of annual precipitation 
and precipitation during the driest quarter for the different rainfall zones and biomes. 
δDwax 
δDp annual  
(‰ VSMOW) 
δDp driest  
quarter (‰ VSMOW) 
All (n=48) r = -0.12, p = 0.41 r = -0.09, p = 0.55 
SRZ (n=21) r = 0.65, p < 0.01 r = 0.12, p = 0.62 
WRZ (n=21) r = -0.48, p = 0.02 r = -0.48, p = 0.03 
YRZ (n=6) r = 0.82, p = 0.04 r = 0.93, p < 0.01 
SRZ/YRZa (n=24) r = 0.66, p < 0.001 r = 0.09, p = 0.68 
WRZ/YRZb (n=24) r = -0.48, p = 0.02 r = -0.52, p < 0.01 
Fynbos (n=9) r = -0.42, p = 0.26 r = -0.33, p = 0.38 
Sc Karooc (n=15) r = -0.58, p = 0.03 r = -0.60, p = 0.02 
Na Karood (n=11) r = 0.02, p = 0.95 r = 0.22, p = 0.51 
Savanna (n=5) r = 0.22, p = 0.73 r = 0.02, p = 0.97 
Grassland (n=8) r = 0.34, p = 0.40 r = -0.16, p = 0.71 
a For δDwax SRZ/YRZ the locations CNT5, CNT6 and GTC30 (see Supplementary materials) from 
the northern parts of the YRZ are included; 
b for δDwax WRZ/YRZ the locations FB6, SK11, SK12 and NK1 (see Supplementary materials) from 
the southern parts of the YRZ are included; 
c Succulent Karoo; 
d Nama Karoo. 
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due to local convection and rainout (Harris et al., 2010), as described for other 
mountain areas (Holdsworth et al., 1991; Araguás-Araguás et al., 2000; Bowen and 
Revenaugh, 2003). Such small-scale variations are likely not reflected in the 
modelled δDp. These complex and small-scale processes may explain the weak 
correlation between δDw ax and annual δDp for the WRZ (r = -0.48, p = 0.02; Table 
4-2). For the driest season (summer months: DJF) we found a weak correlation 
between δDw ax and δDp (r = -0.48, p = 0.03), corroborating findings that summer rains 
might be an important water source, at least for some parts of the WRZ (Chase et al., 
2015b). This correlation is stronger for Succulent Karoo soils (r = -0.58, p = 0.03), 
whereas in the Fynbos biome no correlation (r = -0.42, p = 0.26) is observed (Table 
4-2). Plants may use water vapour and fog as additional moisture sources (e.g. 
Rundel et al., 1991; Soderberg, 2010; Matimati et al., 2013), which can be nearly 
equivalent to the amount of precipitation in the Succulent Karoo (Matimati et al., 
2013) and possibly imprint the δDw ax signal. In addition, differences of plant functional 
types, species and photosynthetic pathways between the Succulent Karoo and 
Fynbos (Mucina and Rutherford, 2006), could have an impact on the δD composition 
of leaf wax components in WRZ soils as different plant types and photosynthetic 
pathways show different D enrichment factors (e.g. Smith and Freeman, 2006; Hou 
et al., 2007b; Liu and Yang, 2008; McInerney et al., 2011; Gao et al., 2014; Gamarra 
et al., 2016).  
In the YRZ, we observe a correlation between δDw ax and δDp (r = 0.82, p = 0.04), with 
higher δDw ax in the northern (mean -109 ± 5‰) than in the southern (mean -129 ± 
3‰) areas (see Suppl Table 4-1). The higher δDw ax in the northern areas appears to 
be an extension of the westward enrichment trend in the SRZ, affirmed by higher 
precipitation amounts in the northern YRZ from November to April (Hijmans et al., 
2005). In contrast, for the southern locations of the YRZ the period of the highest 
precipitation lasts from March to June/July (Hijmans et al., 2005). Thus, southern 
YRZ locations are more affected by winter precipitation and the northern locations by 
summer precipitation. For this reason we attribute the northern samples from the 
YRZ to the SRZ and the southern samples to the WRZ in the discussion below. 
Including these locations in SRZ and WRZ, respectively, improves the correlations for 
δDw ax and annual δDp in the SRZ (r = 0.66, p < 0.001) as well as δDw ax and δDp 
during the driest quarter in the WRZ (r = -0.52, p < 0.01; Figure 4-3). 
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Figure 4-3: Comparison of compound-specific δDwax (amount weighted mean of C29 and C31) and δD of 
annual precipitation (left) as well as δDwax and δD of the driest quarter (right) for the soil samples. The 
locations of the soils are divided into summer rainfall (SRZ, closed grey dots) and winter rainfall (WRZ, 
open dots) zones in (a,b). The grey line in a) line shows the linear fit in the SRZ and the black dashed line 
in b) shows the linear fit in the WRZ. Dashed lines around the linear fits indicate the 95% confidence 
interval. Isotope data for precipitation are from OIPC (Bowen and Revenaugh, 2003). 
 
We also compare our δDw ax data with δDg of groundwater. The latter has been 
suggested to reflect the δD of precipitation (Rozanski, 1985; Kortelainen and Karhu, 
2004; West et al., 2014), at least during the main precipitation season (Wassenaar et 
al., 2009). For the SRZ the relationship between δDw ax and δDg is slightly stronger 
(r = -0.73, p < 0.001) than that for δDw ax and δDp, but surprisingly δDg is inversely 
correlated with δDp (Figure 4-4). The δDg values are more depleted in the semi-arid 
than in the wetter regions, contrary to the trend in the OIPC data. Many studies have 
shown that shallow groundwater reflects δDp (e.g. Kortelainen and Karhu, 2004; 
Rozanski, 1985; Wassenaar et al., 2009), and here this is apparent for the WRZ 
(Figure 4-4; Diamond, 2014). In contrast, in the arid regions of southern Africa, 
groundwater may be deeper (de Vries et al., 2000; Musekiwa and Majola, 2013), and 
out of the reach of roots. It may also incorporate older water, that could carries an 
isotopic signature different from modern precipitation (de Vries et al., 2000). The 
implication is therefore that plants in arid parts of the SRZ use water immediately 
from precipitation events and that the OIPC provides the most useful δD data of the 
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plants’ water source, in the present absence of other data, for interpretations of 
δDw ax. 
 
Figure 4-4: Comparison of compound-specific δDwax (amount weighted mean of C29 and C31) and 
interpolated δD of groundwater (left, West et al., 2014) as well as δD values of groundwater and annual 
precipitation (right, Bowen and Revenaugh, 2003) for the locations of the soil samples. The locations are 
divided into summer rainfall (SRZ, closed grey dots) and winter rainfall zones (WRZ, open dots). Linear 
fits and 95% confidence intervals are shown for both rainfall zones. Thick grey lines are the linear fits for 
the SRZ and thick dashed lines are the linear fits for the WRZ. 
 
4.5.3 Apparent fractionation factor (εapp) for plant wax derived n-alkanes in soils 
To evaluate the influence of vegetation and other environmental factors, e.g. 
precipitation, aridity and temperature, on the δDw ax composition, we calculate the 
apparent fractionation (εapp) between δDw ax and δD of precipitation during the growing 
season (δDpgs) as: 
𝜀𝑎𝑎𝑎 = �δD𝑤𝑤𝑤+1000δD𝑝𝑝𝑝+1000 − 1� ∗ 1000         (1) 
The δDpgs was calculated as amount-weighted mean of the monthly δDp values from 
OIPC. As the seasonality of rainfall is responsible for the water availability and δDw ax 
well reflects δDp of the growing season in semiarid regions (Niedermeyer et al., 
2016), we assume a limited recharge of soil water and plant growth during the non-
growing season and, therefore, a limited bias of δDw ax towards the non-growing 
season. To determine the length of growing season for each location we used the 
definition of the Food and Agriculture Organization of the United Nations (FAO), 
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defined as the period where the precipitation exceeds half of the potential 
evapotranspiration:  
𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑠𝑠𝑠𝑠𝐺𝐺: 𝑎𝑝𝑝𝑝𝑝𝑎𝑤
𝑃𝑃𝑃𝑤
≥ 0.5        (2) 
where x represents the individual month. For some locations, especially in the Nama 
Karoo, this definition results in a growing season of zero months. Therefore, we used 
the month with the highest precipitation/PET ratio as growing season in such cases.  
Like δDw ax, εapp shows wide variability, ranging from -83 to -141‰ (Figure 4-5, Figure 
4-6) with individual uncertainties of 0 to 11‰ (Suppl Table 4-1). The smallest εapp is 
observed for the Nama Karoo biome and the largest are measured in the Fynbos and 
Grassland biomes (Figure 4-5, Figure 4-6). The εapp becomes smaller with distance 
from the Atlantic and Indian Ocean moisture sources (Figure 4-5). In general, there is 
less apparent fractionation for plants contributing to the soils located in more arid 
regions of the SRZ compared to more humid parts of the SRZ (Figure 4-6). The 
overall SRZ correlation between εapp and MAP is strong (r = -0.75, p < 0.001; Figure 
4-7) as is the correlation between εapp and precipitation during the growing season 
(r = -0.75, p < 0.001; Table 4-3, Suppl Fig. 4-2). On average, less apparent 
fractionation occurs in the summer rainfall biomes compared with the winter rainfall 
dominated biomes (two-tailed student’s test: p < 0.001; Figure 4-6). Our general 
observation of lower apparent fractionation for drier environments of the SRZ is 
similar to other studies in arid regions (Smith and Freeman, 2006; Feakins and 
Sessions, 2010a; Kahmen et al., 2013a; Berke et al., 2015). By contrast, no 
correlation is observed between εapp and MAP (Figure 4-7) or εapp and growing 
season precipitation for the WRZ (Suppl Fig. 4-2), even if Fynbos and Succulent 
Karoo biomes are considered separately (Table 4-3, Suppl Fig. 4-3). This suggests 
imprints other than solely precipitation amount on εapp.  
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Figure 4-6: Box and whisker plots for the apparent hydrogen isotope fractionation (εapp) of plant wax 
derived n-alkanes in soils from different biomes (left) and rainfall zones (right). Boxes comprise middle 
50% of samples and the horizontal black line within the box represents the median. Black dots outside the 
whisker plots indicate the uppermost and lowermost 10%. Na Karoo and Sc Karoo indicate Nama Karoo 
and Succulent Karoo, respectively. Black crosses indicate the mean of mean annual precipitation (MAP) 
for each biome. Vertical dashed grey line separates WRZ dominated biomes (Fynbos, Sc Karoo) from SRZ 
dominated biomes (Na Karoo, Savanna, Grassland). Note that εapp is shown on an inverse axis. 
 
Figure 4-7: Correlation of apparent hydrogen isotope  fractionation (εapp) with mean annual precipitation 
(left, Hijmans et al., 2005) and aridity index (right, Trabucco and Zomer, 2009) in South Africa divided into 
the summer rainfall (SRZ, grey dots) and winter rainfall zone (WRZ, open dots). Grey lines show linear fits 
and grey dashed lines 95% confidence intervals of the SRZ samples. 
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4.5.4 Factors influencing deuterium fractionation of leaf wax components in 
southern Africa 
We compare εapp with other environmental data (i.e. aridity, altitude, temperature, 
PET, δ13Cw ax) to evaluate their imprints on δDw ax composition and apparent 
fractionation. Table 4-3 gives an overview of the relationships between εapp and 
environmental parameters, divided into the different rainfall zones and biomes. 
4.5.4.1 SRZ 
For the SRZ, εapp correlates significantly with the amount of precipitation during the 
growing season (r = -0.75, p < 0.001), MAP (r = -0.75, p < 0.001), aridity index 
(r = -0.74, p < 0.001), maximum temperature during the warmest month (r = 0.72, 
p < 0.001) as well as other environmental factors listed in Table 4-3. There is lower 
apparent fractionation in more arid regions of the SRZ (Figure 4-7). This may be 
caused by several factors. As noted above, D enrichment of soil water due to 
evaporation affects the isotope composition of leaf waxes and therefore the apparent 
fractionation between leaf wax and precipitation. Further, the significant correlation 
with growing season precipitation and MAP suggests that SRZ plants use water 
immediately after a rainfall event, with a rapid uptake of surface soil water by roots, 
as well as water from deeper soil layers that incorporate the isotope signature of 
MAP (Ehleringer and Dawson, 1992; Schulze et al., 1996). Different rooting 
strategies may influence δDw ax composition (Dawson, 1993; Krull et al., 2006; 
Feakins and Sessions, 2010a; Garcin et al., 2012) leading to  lower apparent 
fractionation in plants with shallower roots than those with deeper roots (Smith and 
Freeman, 2006; Berke et al., 2015). However, some studies infer D enrichment of 
leaf water during leaf transpiration as (the most) important factor that influences 
apparent fractionation (Smith and Freeman, 2006; Feakins and Sessions, 2010a; 
Zhou et al., 2011; Kahmen et al., 2013a). In the SRZ of South Africa, D enrichment of 
leaf water has been previously modelled as ranging between 40‰ in the eastern 
regions and 70‰ in the drier northwestern parts for the spring season (Kahmen et 
al., 2013a). The observed εapp range in our soil samples (ca. 50‰) is thus greater 
than the range for modelled leaf water enrichment (ca. 30‰; Kahmen et al., 2013a). 
Nevertheless, both values, i.e. εapp of our soil samples and modelled leaf water 
enrichment, show higher values in the drier western region of the SRZ, indicating that 
evaporative leaf water enrichment can account for at least part of the detected 
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change in apparent fractionation. Kahmen et al. (2013a) concluded that in arid and 
temperate environments δDw ax records δD composition of precipitation and 
evapotranspiration, whereas in (wet) tropical environments δDw ax records solely δD of 
precipitation. Our data for the SRZ support this conclusion. The correlation between 
εapp and the amount of precipitation during the growing season as well as the aridity 
index (a lower index indicating higher aridity, Figure 4-7) and annual PET also 
indicate (Suppl Fig. 4-4) that aridity and therefore evapotranspiration are important in 
influencing δDw ax composition in the SRZ of southern Africa.  
In contrast, we find no correlation between εapp and δ13Cw ax (Table 4-3) suggesting 
that the photosynthetic pathway is a negligible factor in influencing εapp. This 
corroborates previous data, which show that photosynthetic pathway is not a decisive 
factor controlling hydrogen isotope fractionation in plants (Krull et al., 2006). In 
contrast, other studies have shown greater D enrichment in C4 grasses (dicots) than 
in C3 grasses (dicots) (Smith and Freeman, 2006; Liu and Yang, 2008; McInerney et 
al., 2011; Kahmen et al., 2013b). Additionally, earlier studies have shown a 
relationship between δ13C and water use efficiency (WUE) of C3 plants (e.g. Farquhar 
et al., 1989; Ehleringer and Dawson, 1992; Rundel et al., 1999). As such, Hou et al. 
(2007a) inferred that a significant correlation between δ13Cw ax and δDw ax in tree 
leaves is related to changing WUE. However, the data from Hou et al. (2007a) are 
derived solely from tree species within a relatively small area, whereas the vegetation 
community of plants in southern Africa is a mixture of C3, C4 and CAM plants. 
Whereas δ13Cw ax and δDw ax were found to correlate negatively for C3 plants (Bi et al., 
2005; Hou et al., 2007a), C4 and CAM plants showed positive correlations between 
δ13Cw ax and δDw ax (Bi et al., 2005; Feakins and Sessions, 2010b) potentially leading 
to an integrated signal in soils for which there is no correlation between δ13Cw ax and 
δDw ax (Suppl Fig. 4-5). 
4.5.4.2 WRZ 
In contrast to the SRZ, climatic/environmental parameters are mostly inversely 
correlated with εapp (Table 4-3). Significant correlations are observed between εapp 
and the annual range of temperature (r = 0.69, p < 0.001) and between εapp and the 
minimum temperature of the coldest quarter (r = -0.66, p < 0.001) suggesting that 
temperature conditions affect hydrogen isotope fractionation in this area. 
Temperature is known to be an important driver for isotopic enrichment in leaf water 
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(Barbour et al., 2000; Zhou et al., 2011; Sachse et al., 2012). As the D composition of 
soil and plant water remains unknown, we can only assume that the correlation of εapp 
with temperature is a result of evapotranspiration (e.g. McInerney et al., 2011; 
Kahmen et al., 2013a, b) or fractionation during water uptake by plants (e.g. Smith 
and Freeman, 2006; Feakins and Sessions, 2010a). In the Succulent Karoo biome 
εapp correlates more strongly with temperature (e.g. MAT: r = -0.69, p < 0.01) than in 
the Fynbos biome (MAT: r = -0.35, p 0.351), whereas for the latter εapp seems also 
affected by the PET during the growing season (r = 0.87, p < 0.01; Figure 4-8, Table 
4-3).  
 
Figure 4-8: Correlation of apparent hydrogen isotope fractionation (εapp) with driest quarter precipitation 
(left) and growing season potential evapotranspiration (PET, right) in the WRZ divided into the Succulent 
Karoo (SK, grey open diamonds) and Fynbos (FB, grey diamonds) biomes. An outlier was excluded for 
the Pearson correlation coefficient between εapp and PET of Fynbos soils. Linear fits and 95% confidence 
intervals are shown for SK soils (left) and FB soils (right), respectively. 
 
Additionally, we observe that the seasonal availability of water might affect εapp 
(r = -0.67, p < 0.001) in the WRZ. During the drier summer months, an increase in 
precipitation could reduce drought stress for plants more effectively than a 
precipitation increase during the wetter winter months (Chase et al., 2015a, b). 
Reduced drought stress and a greater overall water availability would lead to greater 
apparent fractionation (Feakins and Sessions, 2010a). Here, however, decreasing 
precipitation seasonality or increasing precipitation during the dry summer months, 
which may reduce drought stress, correlate with lower apparent fractionation. This is 
an unexpected finding. Further, the correlation between precipitation of the dry 
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summer months and εapp only exits for the Succulent Karoo (r = 0.77, p < 0.001) and 
not for the Fynbos biome (r = 0.36, p 0.344), indicating the possible importance of 
summer precipitation in the Succulent Karoo.  
Differences in the vegetation communities between the Succulent Karoo and Fynbos 
could be another factor for the observed inverse correlations In the Karoo, succulents 
and shrubs develop shallow roots utilizing surface soil water enriched by evaporation 
(Esler and Rundel, 1999; Shiponeni et al., 2011) including summer precipitation. 
Most WRZ succulents are CAM plants (Mooney et al., 1977; Boom et al., 2014), 
which were found to have substantially smaller net apparent fractionation than C3 or 
C4 plants (Feakins and Sessions, 2010b). Succulents produce much higher amounts 
of wax than, for instance, grasses (Carr et al., 2014; Garcin et al., 2014), which is 
also reflected in our soil samples (Herrmann et al., 2016). Therefore, δDw ax might 
represent mainly the shallow rooting plants in the Succulent Karoo. In contrast, 
Fynbos consists of shallow rooted graminoids and shrubs as well as deep rooted 
shrubs (Hawkins et al., 2009; West et al., 2012).  
Despite the dependence of δDp and εapp on the altitude large topographic changes in 
the WRZ could cause microclimatic differences between the Succulent Karoo and 
Fynbos at small spatial scales (Mucina and Rutherford, 2006). This and water uptake 
by other moisture sources than precipitation as well as different functional plant types 
between the Succulent Karoo and Fynbos biome may hamper the detection of an 
obvious relationship between apparent fractionation and environmental parameters. 
Further investigations are needed to evaluate how δDp relates to δDw ax for the WRZ. 
Investigations of δDw ax from plants and soils along distinct climatic and environmental 
gradients within the WRZ might solve these questions. 
 
4.6 Conclusions and palaeoenvironmental implications 
We report plant wax δD compositions in soils from various transects in southern 
Africa comprising a variety of precipitation regimes and vegetation communities. 
Overall, our study confirms earlier findings using δDw ax as a palaeohydrological 
proxy, and demonstrates that the approach is suitable for climatic reconstruction in 
southern Africa’s SRZ. In semi-arid regions of the SRZ, where the growing season 
and therefore plant wax production occurs during the warm summer season, the 
relationship between δDw ax and (annual) δDp as well as with MAP suggest that δDw ax 
4 Hydrogen isotope fractionation of leaf wax n-alkanes in southern African soils 
 
86 
can be used to reconstruct past precipitation amounts. Evapotranspiration, especially 
in the more arid parts of the SRZ, leads to isotopic enrichment in soil and leaf water 
and thus less apparent hydrogen isotope fractionation. This effect compromises 
quantitative rainfall reconstruction. Vegetation changes appear to exert a minor 
influence on apparent fractionation and δDw ax composition. Variations in δDw ax in 
sedimentary archives of the SRZ are thus well-suited for qualitative 
palaeohydrological reconstruction.  
In contrast, in the southern African winter rainfall zone, δDw ax values do not reflect 
annual or growing season δDp. In this area of high topographic variability, distinct 
microclimatic conditions exist on small spatial scales, likely causing δDp variation 
unresolved by the OIPC, but also leading to distinct vegetation communities and 
vegetation variability as well as potentially differences of additional moisture sources 
between the biomes in the WRZ. While temperature may be a potential driver for 
variations in the dry Succulent Karoo biome, potential evapotranspiration seems 
more important in the Fynbos biome. Further, we detect a potential influence of 
summer rains on the δDw ax in the WRZ. Interpretation of past hydrological changes in 
the WRZ based on δDw ax require more care, supported perhaps by a multi proxy 
approach including pollen, other stable isotopes and/or inorganic geochemical data, 
as well as a more comprehensive data set for modern plants and soils across the 
diverse environments of this region. For the WRZ, more research is needed to 
unravel the factors influencing hydrogen isotope fractionation and δDw ax. 
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4.8 Supplementary Materials 
 
 
Suppl Fig. 4-1: Comparison of altitude and interpolated δD values of annual precipitation (OIPC; Bowen 
and Revenaugh, 2003) for the locations in the study area. The locations are divided into the summer 
rainfall (SRZ, closed grey dots), winter rainfall (WRZ, open dots) and year round rainfall (YRZ, open 
triangles) zones. Linear fits and 95% confidence interval are given for the SRZ and WRZ, respectively. 
 
 
Suppl Fig. 4-2: Correlation of apparent hydrogen isotope fractionation (εapp) with precipitation during the 
growing season in soils located in the summer rainfall (SRZ, grey dots) and winter rainfall zones (WRZ, 
open dots). Linear fit and 95% confidence interval for SRZ samples are given. Precipitation data are from 
Hijmans et al. (2005). 
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Suppl Fig. 4-3: Correlations of apparent hydrogen isotope fractionation (εapp) with mean annual 
precipitation (left) and precipitation during the growing season (right) in the WRZ divided into the 
Succulent Karoo (SK, grey open diamonds) and Fynbos (FB, grey diamonds) biomes. Precipitation data 
are from Hijmans et al. (2005). 
 
 
Suppl Fig. 4-4: Correlations of apparent hydrogen fractionation (εapp) with annual potential 
evapotranspiration (PET) of soils located in the summer rainfall (SRZ, grey dots) and winter rainfall zones 
(WRZ, open dots). Linear fit and 95% confidence interval for SRZ samples are given. PET data are from 
Trabucco and Zomer (2009).  
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Suppl Fig. 4-5: Compound-specific δDwax (amount weighted mean of C29 and C31 for each location) in 
comparison with δ13Cwax (Herrmann et al., 2016) of the soil samples divided into summer rainfall (SRZ, 
closed grey dots) and winter rainfall zones (WRZ, open dots). Linear fits and 95% confidence intervals of 
δDwax and δ13Cwax are shown for the SRZ (grey lines) and WRZ (black dashed lines), respectively. 
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Suppl Fig. 4-6: Correlations of compound-specific δDwax (a, b) and apparent hydrogen isotope 
fractionation (εapp; c, d) for the homologues C29 (left) and C31 (right) with mean annual precipitation (MAP; 
c, d) and interpolated δD values of annual precipitation (OIPC; Bowen and Revenaugh, 2003; a, b). 
Precipitation data are from Hijmans et al. (2005). 
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In preparation for The Holocene 
 
 
5.1 Abstract 
The summer rainfall zone in the South African interior experienced pronounced 
hydrological and vegetation changes during the Holocene inferred to be driven 
mainly by shifts in atmospheric and oceanic circulations systems. The exact 
mechanisms controlling these changes are, however, still debated. To gain better 
insights into the Holocene environmental changes in the South African summer 
rainfall zone and their driving factors we analysed compound-specific carbon and 
hydrogen isotopes of plant wax n-alkanes (δ13Cw ax and δDw ax) from a marine 
sediment core covering the last 9,900 years. The core has been recovered offshore 
the mouth of the Orange River, predominantly draining the South African summer 
rainfall. Our data indicate a relatively dry early Holocene and a gradual increase of 
wetter conditions with a higher abundance of C4 vegetation towards the middle 
Holocene. Wettest conditions occurred around 3,900 cal. yr BP. The last 3,900 years 
were characterised by a gradual aridification overlain by variable humid conditions. 
During the Little Ice Age (ca. 640 - 310 cal. yr BP) relatively dry conditions with 
elevated C4 plant contributions occurred. This opposite behaviour, i.e. more C4 plant 
contribution during drier conditions, compared to the remainder of the Holocene point 
towards an influence of winter rainfall in the lower Orange River catchment during the 
late Holocene and a decline in summer rainfall. In contrast to solely insolation 
changes we detect evidence for the importance of changes in the latitudinal 
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insolation gradient as an important controlling mechanism for hydrologic and 
vegetation changes in the summer rainfall zone. 
 
5.2 Introduction 
Climate in southern Africa is sensitive to changes in large-scale atmospheric and 
oceanic circulation systems inducing pronounced seasonal precipitation variability. It 
is influenced by the tropical easterlies in the north and the Southern Hemisphere 
Westerlies (SHW) in the south as well as the effects of the cold Benguela and warm 
Agulhas currents in the Atlantic and Indian Ocean, respectively (Tyson and Preston-
Whyte, 2000). Future climatic predictions for southern Africa are spatially highly 
variable and mainly predict increasing extrema in precipitation during future warming. 
Arid regions are suggested to become drier and wetter regions are projected to 
receive increasing and more intense precipitation (Hudson and Jones, 2002; IPCC, 
2013; Li et al., 2015). Further, a general warming trend up to 6K by the end of the 
21th century is predicted (Hudson and Jones, 2002; Haensler et al., 2011). 
Palaeoenvironmental investigations in the summer rainfall zone (SRZ) and the winter 
rainfall zone (WRZ) of South Africa (Figure 5-1) lead to a relatively clear picture of 
Holocene climate variability in both regions (Burrough and Thomas, 2013; Chase and 
Meadows, 2007 and references therein). In principle, Holocene climatic changes 
were found to follow opposite trends in both regions (e.g. Hahn et al., 2015; Weldeab 
et al., 2013; Zhao et al., 2016), although the records from the SRZ are overall less 
consistent than those from the WRZ. While the northeast and central parts of the 
SRZ were found to have experienced relatively dry conditions during the early 
Holocene (Holmgren et al., 2003; Kristen et al., 2010; Metwally et al., 2014; Chevalier 
and Chase, 2015; Zhao et al., 2016), the WRZ exhibited relatively wet climatic 
conditions (Scott and Woodborne, 2007; Chase et al., 2010; Valsecchi et al., 2013; 
Weldeab et al., 2013; Zhao et al., 2016). During the transition from the early to mid-
Holocene, increasing humidity was found for the SRZ, particularly in the north-
eastern area (e.g. Kristen et al., 2010; Metwally et al., 2014; Zhao et al., 2016). 
Contrary, the WRZ became drier (e.g. Chase and Thomas, 2006; Weldeab et al., 
2013; Zhao et al., 2016). Records for the late Holocene, however, show diverging 
trends with partially wetter conditions in the SRZ as well as in the WRZ (Brook et al., 
2010; Chase et al., 2013; Valsecchi et al., 2013; Neumann et al., 2014). Other 
studies inferred drier conditions in some parts of both regions during the Holocene 
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(Breman et al., 2012; Truc et al., 2013; Chase et al., 2015b). Rainfall changes in the 
WRZ are supposed to be mainly driven by the latitudinal changes in position of the 
SHW (Cockcroft et al., 1987; Reason and Rouault, 2005; Chase and Meadows, 
2007; Chase and Thomas, 2007; Stager et al., 2012), partially controlled by changes 
in sea ice extent around Antarctica (Reason et al., 2002; Stuut et al., 2004; Blamey 
and Reason, 2007; Gasse et al., 2008). In contrast, changes in the SRZ were linked 
to latitudinal migrations of the tropical easterlies (Gasse et al., 2008; Norström et al., 
2009; Chevalier and Chase, 2015), changes in Indian Ocean sea surface 
temperatures providing moisture for summer precipitation (Truc et al., 2013; Weldeab 
et al., 2014; Chevalier and Chase, 2015), and local insolation changes controlling 
atmospheric convection and moisture advection into the SRZ (Partridge, 1997; 
Gasse et al., 2008; Chevalier and Chase, 2015). There are, however, offsets 
observed between the maximum local insolation and the wettest/warmest periods in 
palaeorecords (e.g. Chevalier and Chase, 2015; Kristen et al., 2010; Lim et al., 2016; 
Lyons et al., 2014; Norström et al., 2014; Truc et al., 2013; Zhao et al., 2016). In this 
respect, model simulations (e.g. Bosmans et al., 2012, 2015, Dallmeyer et al., 2013, 
2015, Davis and Brewer, 2009, 2011; Loutre et al., 2004) and palaeoenvironmental 
studies (e.g. Chen et al., 2016; Li and Wu, 2010; Moossen et al., 2015; 
Risebrobakken et al., 2007; Thevenon et al., 2002; Vimeux et al., 2001) demonstrate 
the importance of changes in the latitudinal insolation gradient (LIG) between two 
latitudes rather than that of local insolation for past climatic changes. The LIG 
influences the latitudinal temperature gradient and, therefore, affects the latitudinal 
position and extent of atmospheric circulation patterns, such as the Hadley Cell, 
resulting in a displacement and change of strength of potential rain-bearing systems 
(Young and Bradley, 1984; Davis and Brewer, 2009; Bosmans et al., 2012; Jiang et 
al., 2015). Changes of the LIG are, however, often not considered in 
palaeoenvironmental reconstructions.  
To date, only few high-resolution archives exist in South Africa covering the entire 
Holocene period, such as in the Braamhoek wetlands, Makapansgat valley or De Rif 
rock hyrax middens in the Cederberg mountains (Holmgren et al., 2003; Norström et 
al., 2009; Valsecchi et al., 2013). Most of the archives are discontinuous (e.g. Scott 
and Woodborne, 2007; Talma and Vogel, 1992; Weldeab et al., 2013), cover only 
short time intervals (Brook et al., 2010; Kristen et al., 2010; Stager et al., 2012; 
Chase et al., 2015b) or are of coarse temporal resolution (e.g. Lyons et al., 2014; 
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Thackeray and Lee-Thorp, 1992). In the central and western parts of southern Africa, 
arid conditions hamper the formation of suitable archives. This area lies in the 
present-day transition zone between the SRZ and the WRZ forming an important 
area to study the interaction between the SRZ and the WRZ on millennial timescales. 
The gap of suitable archives can be filled by the marine sediment core GeoB8331-4 
from the west-coast mudbelt, a Holocene sediment package, offshore western South 
Africa (Mabote et al., 1997; Meadows et al., 2002; Herbert and Compton, 2007). It 
has been shown that terrestrial organic material deposited in the northern mudbelt 
originates from the western and interior parts of the South African SRZ, reflecting a 
spatially integrated climatic signal (Herrmann et al., 2016; Zhao et al., 2016).  
In this study compound-specific carbon and hydrogen isotopes of leaf wax n-alkanes 
(δ13Cw ax, δDw ax) are used to: 1) reconstruct Holocene vegetation and hydrological 
changes in the central and western parts of the SRZ, 2) compare its climatic history 
to other regional palaeoenvironmental reconstructions, and 3) connect the climatic 
development to potential forcing factors.  
 
5.3 Regional setting 
5.3.1 Climate and vegetation 
The interplay of the atmospheric circulation systems leads to a pronounced seasonal 
precipitation variability in southern Africa. The SRZ (> 66% precipitation between 
October and March) reaches from the interior to the east of southern Africa and 
receives precipitation mainly by tropical easterly winds from the Indian Ocean (Figure 
5-1) In contrast, during austral summer the WRZ (> 66% precipitation between April 
and September) experiences low precipitation rates as the rain-bearing SHW are in 
their southernmost position. During austral winter the SHW move equatorward to the 
southwestern Cape and lead to higher precipitation rates in the WRZ. In the SRZ dry 
conditions are dominant during austral winter as a high pressure cell prevails over the 
interior and eastern southern Africa. A dynamic transition zone, the year-round 
rainfall zone (YRZ) receives equal amounts of precipitation during the summer and 
winter months (Tyson and Preston-Whyte, 2000; Chase and Meadows, 2007). Mean 
annual precipitation (MAP) and mean annual temperatures (MAT) are highly variable 
and range from ca. 20 to 1300 mm and 5 to 23°C in the SRZ and from ca. 30 to 1200 
mm and 10 to 20°C in the WRZ (Hijmans et al., 2005), respectively. 
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These variable climatic conditions generate a highly diverse vegetation 
distribution in southern Africa (Figure 5-2). It ranges from the Mediterranean Fynbos 
Biome in the southwestern Cape to the dry Succulent Karoo and arid desert in the 
northwestern parts as well as eastward from the Nama Karoo through Savanna, 
Grassland Thicket and Coastal Forest in the humid east (Cowling et al., 1997; 
Mucina and Rutherford, 2006). The vegetation of southern Africa consists of C3, C4 
and CAM plants (Werger and Ellis, 1981). Woody C3 plants and C3 grasses are 
dominant in the high altitude grasslands of the Drakensberg Mountains and the 
Fynbos Biome. In contrast, C4 grasses become more abundant with increasing aridity 
and growing season temperatures (Vogel et al., 1978; Scott and Vogel, 2000) and 
show highest abundance in the interior of southern Africa (Werger and Ellis, 1981). 
CAM plants exist throughout southern Africa, but are most dominant in arid regions 
with strong precipitation seasonality like the Succulent Karoo and western Nama 
Karoo biomes (Mooney et al., 1977; Werger and Ellis, 1981). 
5.3.2 Marine sediments offshore southwestern Africa 
The Namaqualand mudbelt (hereafter referred to as mudbelt) is a terrestrial 
Holocene sediment package along the west coast of South Africa. It stretches over 
500 km and reaches a thickness of about 35 m near the Orange River mouth in the 
north (29°S) to about 2 m near the Berg River in the south (33°S; Birch, 1977; 
Meadows et al., 2002; Rogers and Bremner, 1991; Rogers and Rau, 2006; 
Schneider et al., 2003). This makes the mudbelt a high-resolution sedimentary 
archive attractive for Holocene environmental investigations (Birch, 1977; Mabote et 
al., 1997; Herbert and Compton, 2007; Gray, 2009; Leduc et al., 2010; Weldeab et 
al., 2013; Hahn et al., 2015; Zhao et al., 2016). The Orange River is the main 
sediment supplier for the mudbelt and comprises a catchment area of almost 106 km2 
with a Holocene mean annual mud flux of 5.1 million tons (Compton et al., 2010). The 
mud fraction of the suspended material is transported southward from the Orange 
River mouth by a poleward undercurrent (Birch et al., 1991; Rogers and Bremner, 
1991; Mabote et al., 1997). In the central and southern parts the mudbelt receives 
sediment contributions from the adjacent west coast biomes by berg-winds as well as 
the local ephemeral rivers and the Olifants and Berg rivers are the dominant 
sediment source to the southernmost mudbelt (Birch, 1977; Mabote et al., 1997; Gray 
et al., 2000; Gray, 2009; Benito et al., 2011b; Zhao et al., 2015; Herrmann et al., 
2016). 
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5.4 Material & Methods 
Suspension loads and flood deposits from the Orange River, collected in March 
2014, were stored in combusted glass jars and plastic bags, respectively. 
Suspension loads were retrieved by centrifuging 100 L of pumped river water.  
Marine surface sediments (first centimetre) of nine multi-cores from the mudbelt, 
recovered during RV Meteor cruise M57/1 in January – February 2003 (Schneider et 
al., 2003), were sampled for investigation of differential contribution to the mudbelt. 
210Pbex dating of the multi-cores GeoB8331-2 and GeoB8332-3 in the northern 
mudbelt reveals an age of not older than three years for the upper centimetre (Leduc 
et al., 2010). Radiocarbon dating of the multi-cores GeoB8319-1 and GeoB8322-1 in 
the southern mudbelt show ages of 110 – 40 cal. yr BP between 11 and 14 cm 
(GeoB8319-1) and 630 – 370 cal. yr BP at 43 cm (GeoB8322-1), respectively (Taylor, 
2004). In all studied multi-cores pollen of neophytes, which are introduced during the 
17th century in South Africa (Campbell and Moll, 1977; Richardson, 2000), were 
found in the upper three centimetre (Zhao et al., 2015). Thus the upper first 
centimetre of the multi-cores can be considered as of “modern” age.  
Gravity core GeoB8331-4 (887 cm, 29°08.12’S, 16°42.99’E) was retrieved from the 
mudbelt during RV Meteor cruise M57/1 at a water depth of 97 m. The sediment core 
consists of olive brown mud with a dark laminated layer of olive brown mud in the 
upper 15 cm (Schneider et al., 2003). The age model, based on seven radiocarbon 
ages of Nassarius vinctus, is described by Herbert and Compton (2007) and was 
extended with two additional radiocarbon ages by Hahn et al. (2015) (Table 5-1). The 
core has a basal age of ca. 9,900 cal. years BP. In total, 78 samples were collected 
with an average temporal resolution of ca. 40 and ca. 240 years for the last 2,000 cal. 
years BP and 2,000 – 9,900 cal. years BP, respectively. 
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5.4.1 Preparation and lipid extraction 
All samples were freeze-dried and ground using a planetary mill (suspension loads) 
and an agate mortar and pestle (flood deposits and marine sediments). An internal 
standard (squalane) was added before extraction. Lipid extraction was carried out 
with a DIONEX Accelerated Solvent Extractor (ASE 200) at 100°C, 1000 psi for 5 min 
by using a solvent mixture of dichloromethane and methanol (DCM:MeOH, 9:1). The 
extraction was repeated three times for each sample and the resultant total lipid 
extracts (TLEs) were concentrated by rotary evaporation. TLEs were desulphurised 
with activated copper. The hexane-soluble fractions were separated from the hexane-
insoluble fraction by Na2SO4 column chromatography. Afterwards the hexane-soluble 
fractions were subsequently saponified at 85°C for 2 h using a solution of 0.1 M 
potassium hydroxide (KOH) in MeOH and the neutral fractions were extracted with 
hexane. The hydrocarbons were separated with hexane from the neutral fraction 
using column chromatography with deactivated silica gel (1% H2O, 60 mesh). The 
hydrocarbon fractions were further cleaned (separation of unsaturated from saturated 
hydrocarbons) by AgNO3-Si column chromatography using hexane. 
5.4.2 Instrumental analysis 
Quantification of long-chain n-alkanes was carried out with a ThermoFischer 
Scientific Focus gas chromatograph equipped with a split/splitless injector operated 
at 340°C and a flame ionization detector (GC-FID). n-Alkanes were quantified using 
an external standard which contains n-alkanes C18 to C34 in known concentrations. 
Precision of quantification is 5% based on repeated analyses of the external 
standard.  
Compound-specific δ13C analyses of leaf wax n-alkanes were carried out using a 
ThermoFischer Scientific Trace GC Ultra coupled to a Finnigan MAT 252 irm-MS 
(GC-irm-MS) via a modified GC/C III interface operated at 1000°C. δ13C values were 
calibrated against CO2 reference gas and are reported in ‰ notation against Vienna 
Pee Dee Belemnite (VPDB). Duplicate measurements of each sample yielded a 
reproducibility of 0.2‰ for n-C29 and 0.1‰ for n-C31 on average. The precision of the 
internal standard squalane was 0.3‰ (n = 154). Repeated analyses of the external n-
alkane standard yielded a long-term accuracy and precision of 0‰ and 0.3‰, 
respectively. 
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Compound-specific δD analyses were carried out on a ThermoFischer Scientific 
Trace GC coupled via a pyrolysis reactor operated at 1420°C to a ThermoFischer 
Scientific MAT 253 isotope ratio mass spectrometer (GC-irms). δD values were 
calibrated against H2 reference gas and are reported in ‰ notation against Vienna 
Standard Ocean Mean Water (VSMOW). Duplicate measurements of each sample 
result in a reproducibility of 1.5‰ for n-C29 and 0.5‰ for n-C31 on average. The 
precision of the internal standard squalene was 3.5‰ (n = 150). Repeated analysis of 
an external alkane standard between every six analyses yielded a long-term 
accuracy and precision of 0 and 2.8‰, respectively. 
 
5.5 Results 
Individual compound-specific δ13C and δD values of n-C29 and n-C31 for the river 
samples and the marine surface sediments are given in Table 5-2 and Table 5-3, 
respectively. The compound-specific δ13C values of the river samples and the marine 
surface sediments have been earlier reported by Herrmann et al. (2016). In the 
following, the compound-specific δ13C and δD values are presented as amount 
weighted mean of n-C29 and n-C31 and are hereafter referred to as δ13Cw ax and δDw ax, 
respectively. 
5.5.1 River samples 
The δ13Cw ax values of the Orange River flood deposits and suspension loads range 
from -31.4‰ to -26.9‰ and from -29.9‰ to -24.5‰, respectively. They show a 
general isotopic enrichment from the Vaal-Orange confluence towards the Orange 
River mouth (Figure 5-3). The δDw ax values range from -141‰ to -121‰ and from -
148‰ to -121‰ for suspension loads and flood deposits, respectively (Table 5-2, 
Figure 5-3). The suspension loads tend to show isotopic enrichment from the 
confluence towards the west, except for the suspension load closest to the Orange 
River mouth. The flood deposits of the Vaal and Orange rivers exhibit highly variable 
δDw ax values (-121 ± 0‰ and -148 ± 1‰, respectively) before the confluence but are 
less variable in the further course of the river (Table 5-2, Figure 5-3).  
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Figure 5-3: Amount-weighted compound-specific carbon and hydrogen isotope compositions of plant 
waxes in flood deposits (grey diamonds) and suspension loads (black dots) along the transect from the 
Vaal-Orange confluence (right) to the Orange River mouth (left). Letters (a-c) represent the ages of dated 
flood deposits given in the figure. 
5.5.2 Marine surface sediments 
δ13Cw ax in marine surface sediments ranges from -27.3‰ to -26.2‰. From the 
northernmost to the central part of the mudbelt δ13Cw ax becomes enriched by about 
1.1‰. The sediments in the southernmost part show a depletion of δ13Cw ax by 0.7‰ 
compared to the central part (Table 5-3, Figure 5-4). The δDw ax values of the marine 
surface sediments range between -131‰ and -142‰ and reveal a similar pattern as 
for δ13Cw ax showing an increase of 11‰ and 10‰ in the central part of the mudbelt 
relative to the northern and southern parts, respectively. 
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Figure 5-4: Amount weighted compound-specific stable carbon and hydrogen isotope compositions of 
plant waxes in surface sediments along the west coast of South Africa. Position of the poleward 
countercurrent (CC) is indicated by the grey dotted line. Colours indicate modern vegetation of southern 
Africa (after Mucina and Rutherford, 2006; Scott et al., 2012). 
5.5.3 Sediment core GeoB8331-4 
We found long-chain n-alkanes in all samples from core GeoB8331-4 with 
concentrations (sum of n-C25 to n-C33) between 2.0 and 7.2 µg/g (Supplementary 
Figure chapter 5.9). We calculated the average chain length (ACL) of the 
homologues n-C27 to n-C33 as:  
𝐴𝐶𝐴27−33 = 27×𝐶27+29×𝐶29+31×𝐶31+33×𝐶33𝐶27+𝐶29+𝐶31+𝐶33          (1) 
where Cx is the concentration of the n-alkane with x carbon atoms. The ACL27-33 is 
relatively constant ranging from 30.6 to 30.9 (Supplementary Figure chapter 5.9). All 
n-alkane distributions are dominated by the n-C31. The carbon preference index (CPI) 
of the homologues between n-C27 and n-C33 is calculated as: 
𝐶𝐶𝐶27−33 = 0.5 × ��𝐶27+𝐶29+𝐶31+𝐶33𝐶26+𝐶28+𝐶30+𝐶32� + �𝐶27+𝐶29+𝐶31+𝐶33𝐶28+𝐶30+𝐶32+𝐶34��        (2) 
where Cx is the concentration of the n-alkane with x carbon atoms. The CPI27-33 for all 
samples from GeoB8331-4 ranges from 6.6 to 10.4 (Supplementary Figure chapter 
5.9) indicating an origin from terrestrial higher plants and a relatively non-degraded 
state (Eglinton and Hamilton, 1967).  
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The δ13Cw ax values of GeoB8331-4 show a range of about 1.6‰ (-27.6‰ to -26.0‰) 
for the entire Holocene (Figure 5-5a). Depleted δ13Cw ax values (-27.6‰ to -27.2‰) 
occured from ca. 9,800 to 9,500 cal. yr BP during the early Holocene with a gradual 
increase to more enriched δ13Cw ax towards the mid to late Holocene peaking with 
most enriched values (-26.2 ‰) at ca. 3,100 cal. yr BP. The time period from ca. 
3,100 to 500 cal. yr BP is characterized by fluctuating δ13Cw ax compositions (-26.9‰ 
to -26.4‰), whereas a gradual enrichment of δ13Cw ax values (-26.9‰ to -26.0‰) is 
observed from ca. 500 to 200 cal. yr BP. Afterwards a gradual depletion from-26.0‰ 
to -27.4‰ occured during the last 200 years.  
δDw ax in core GeoB8331-4 varies between -149‰ and -137‰ (Figure 5-5b). The 
most enriched δDw ax composition (-137‰) was detected at ca. 9,500 cal. yr BP during 
the early Holocene. δDw ax values show a gradual depletion from the early to the mid 
Holocene, with most depleted values (-149‰) at ca. 3,900 cal. yr BP. An enrichment 
of δDw ax is observed during the late Holocene from ca. 3,900 cal. yr BP to present 
with a stepping of the enrichment for the last 600 years (Figure 5-6b). 
5.6 Discussion 
5.6.1 Source of terrestrial organic material 
The enrichment of δ13Cw ax (Figure 5-4) and increasing ACL27-33 in the surface 
sediments from the northernmost towards the central mudbelt indicate enhanced 
input from the adjacent dry CAM-rich Succulent Karoo along the west coast 
(Herrmann et al., 2016). This is supported by δ13Cw ax values from flood deposits of 
the Buffels and Holgat rivers in the WRZ, which are isotopically more enriched 
(amount weighted mean: -25.5 ± 1.6‰) than the suspension loads (amount weighted 
mean: -28.7 ± 2.0‰) and flood deposits (amount weighted mean: -29.4 ± 1.6‰) of 
the Orange River (Herrmann et al., 2016).  
The WRZ of southern Africa has higher MAP in the southwestern part and lower MAP 
in its northern part (cf. Figure 5-1). The hydrogen isotope composition of precipitation 
(δDp) is influenced by various environmental processes such as the intensity of 
precipitation (amount effect) or distance from the moisture source (rainout, 
continental effect; Dansgaard, 1964). Earlier studies have shown that δD of plant 
waxes are mainly correlated to local δDp (e.g. Garcin et al., 2012; Luo et al., 2011; 
Polissar and Freeman, 2010; Sachse et al., 2004; Schwab et al., 2015), but 
potentially also influenced by secondary factors such as evapotranspiration (e.g. 
Kahmen et al., 2013; Krull et al., 2006; Liu et al., 2006), plant functional type and 
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photosynthetic pathway (e.g. Gamarra et al., 2016; Gao et al., 2014; Hou et al., 2007; 
Liu and Yang, 2008; McInerney et al., 2011; Smith and Freeman, 2006). In general a 
deuterium enrichment in plant waxes is observed in areas with high 
evapotranspiration and lower amount of precipitation (e.g. Feakins and Sessions, 
2010; Kahmen et al., 2013a; Krull et al., 2006; Herrmann et al., in review). The 
enrichment of δDw ax in the marine surface sediments from the central mudbelt (Figure 
5-4) may reflect a combination of these processes indicating input of terrestrial 
organic material from the dry Karoo Biome on the adjacent west coast. In the 
southernmost mudbelt depleted δDw ax, relative to the central mudbelt, may indicate 
terrestrial input from the Fynbos Biome experiencing higher MAP than the dry Karoo. 
This would be consistent with earlier published δ13Cw ax and pollen data from the 
same sediments (Zhao et al., 2015; Herrmann et al., 2016), investigation of bulk 
sediments in the southern mudbelt (Birch, 1977) as well as δDw ax in South African 
soils (Herrmann et al., in review). The more depleted δDw ax values in the 
northernmost mudbelt, in contrast, point to a source region with higher amount of 
precipitation and/or less evapotranspiration as δDw ax in soils of the SRZ has been 
shown to be more affected by evapotranspiration rather than vegetation changes 
(Herrmann et al., in review). As the Orange River is the major source of terrestrial 
material to the northern mudbelt, the terrestrial organic material in these marine 
sediments should mainly reflect environmental conditions in the SRZ. It has been 
shown that the terrestrial organic material transported by the Orange River comprises 
a spatially integrated signal from along the river course (Herrmann et al., 2016). This 
is detectable in the earlier published δ13Cw ax data of the suspension loads and flood 
deposits (Herrmann et al., 2016) as well as in the δDw ax data in this study. The 
deuterium enrichment in the suspension loads from the confluence towards the river 
mouth indicates additional input from regions with higher evapotranspiration and/or 
less amount of precipitation in agreement with the precipitation and aridity pattern 
along the central and lower reaches of the Orange River. Differences in the δDw ax 
composition of both flood deposits at location ORF29 might be due to different ages 
or contribution of n-alkanes by different sources as they also show slightly different n-
alkane compositions (Herrmann et al., 2016). The combination of enriched δ13Cw ax 
and slightly depleted δDw ax of the suspension samples closest to the river mouth 
(ORF24S) compared to the suspension loads ORF27S upstream of the river may be 
due to a local overprint. 
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In summary, the terrestrial organic material, including plant waxes, in the northern 
mudbelt and at site GeoB8331-4 is mainly derived from fluvial transport by the 
Orange River and originates from the central and western parts of the SRZ.  
 
5.6.2 Holocene vegetation and hydrological variability in the SRZ 
Early to mid-Holocene (9,900 – 3,900 BP). The relatively depleted δ13Cw ax values 
during the early Holocene indicate a higher relatively abundance of C3 vegetation or 
decreased coverage by C4 grasses during this time period (Figure 5-5a). The pollen 
data of the same samples reveal low representation of Poaceae pollen interpreted as 
reduced extension of grassland/savanna during the early Holocene (Zhao et al., 
2016). In the modern Savanna and Grassland biomes C4 rather than C3 plants 
dominate in the lower altitudes, whereas the highest altitudes in the Grassland Biome 
are dominated by woody C3 plants and C3 grasses rather than C4 grasses (Vogel et 
al., 1978; Werger and Ellis, 1981; Cowling et al., 1999). At present, the abundance of 
C4 grasses increases with higher aridity and higher growing season temperatures 
(Vogel et al., 1978; Scott and Vogel, 2000). Following the assumption that δDw ax 
composition in recent soils from the SRZ influenced by precipitation and/or 
evapotranspiration (Herrmann et al., in review), relatively enriched δDw ax 
compositions during the early Holocene suggest less rainfall/more arid conditions 
(Figure 5-5b). This is confirmed by low Poac/Ast pollen ratios (Figure 5-5c), an 
indicator for summer rainfall, with low values indicating less summer rainfall and vice 
versa (Zhao et al., 2016). Less seasonal summer rainfall during the early Holocene, 
indicated by shrubby karroid vegetation, was found at Blydefontein (Bousman, 1991). 
Further evidence for drier conditions are found in palaeosols at Erfkroon (Lyons et al., 
2014), wetland deposits at Florisbad (Scott and Nyakale, 2002), stalagmites at 
Makapansgat (Holmgren et al., 2003) as well as in lacustrine sediment cores from the 
Tswaing Crater (Partridge et al., 1997; Kristen et al., 2010; Metwally et al., 2014). 
Additionally, the early Holocene was relatively cool (Metwally et al., 2014; Chevalier 
and Chase, 2015) which is advantageous for C3 rather than C4 plants/grasses 
(Werger and Ellis, 1981; Cowling et al., 1997; Yamori et al., 2014).  
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Figure 5-5: Comparison of compound-specific (a) carbon and (b) hydrogen isotope compositions of plant 
waxes in marine sediment core GeoB8331-4 with (c) ratio of Poaceae over Asteraceae (Zhao et al., 2016) 
from GeoB8331-4, (d) precipitation stack of the wettest quarter in northern (blue line) as well as central 
and eastern (green dashed line) in South Africa (Chevalier and Chase, 2015), (e) reconstructed 
precipitation during the wettest quarter (PWetQ) at Wonderkrater (Truc et al., 2013), (f) austral summer 
(December) insolation at 30°S and (g) December latitudinal insolation gradient (LIG) between 30°S and 
equator (Berger and Loutre, 1991). Stars indicate 14C dates. 
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We therefore interpret the higher relative abundance of C3 plants associated with 
enriched δDw ax values as reduced C4 grass cover due to drier and cooler conditions. 
A higher contribution of plant organic matter from the WRZ during the early Holocene 
can be ruled out as this would have led to enriched δ13Cw ax values (Figure 5-4). 
A general trend to wetter conditions is observed from about 9,200 to ca. 3,900 cal. yr 
BP and increased contribution by C4 plants is observed from about 9,200 to ca. 3,000 
cal. yr BP, respectively. The observed wetter conditions in our record is consistent 
with higher Poac/Ast ratio of the same records reflecting higher summer rainfall 
(Zhao et al., 2016). An establishment of grassier vegetation during the middle 
Holocene were observed in the interior of South Africa (Cowling et al., 1997; Scott 
and Nyakale, 2002; Scott et al., 2005). The marked increase of rainfall/wetter 
conditions from about 9,200 to ca 7,000 cal. yr BP in our δDw ax record is consistent 
with other records from the SRZ of South Africa inferring increasing humidity (Truc et 
al., 2013; Lyons et al., 2014; Chevalier and Chase, 2015). Chevalier and Chase 
(2015) used regional pollen sequences to obtain precipitation stacks for the northern 
SRZ and the central/eastern SRZ covering the Holocene. Our δDw ax record is similar, 
with some deviations, to the northern rather than their central/eastern precipitation 
stack during the early and middle Holocene. Whereas the used records for the 
northern precipitation stack are consistent, records for the central/eastern 
precipitation stack are more variable and cover a wider area (Chevalier and Chase, 
2015). The observed highest rainfall/wettest conditions in our record around 3,900 
cal. yr BP is evident as a wet phase in records at Florisbad (Scott and Nyakale, 2002) 
and Wonderwerk Cave (Thackeray and Lee-Thorp, 1992) located in the interior of 
South Africa as well as at Wonderkrater (Truc et al., 2013), Lake Eteza (Neumann et 
al., 2010) and Cold Air Cave (Repinski et al., 1999)(cf. Figure 5-2).  
The local summer insolation is considered to be an important forcing mechanism for 
the climatic evolution during the early and mid-Holocene in southern Africa (Figure 
5-5f) as proposed by other studies (e.g. Badewien et al., 2015; Chevalier and Chase, 
2015; Collins et al., 2014; Hahn et al., 2015; Partridge, 1997; Zhao et al., 2016). 
Firstly, increased local insolation leads to stronger atmospheric convection due to 
enhancement of the atmospheric low pressure cell during austral summer (Zhang et 
al., 2015). Secondly, higher insolation leads to a stronger thermal land-sea gradient 
resulting into a stronger easterly flow and thus to more precipitation in South Africa 
(Zhang et al., 2015). Chevalier and Chase (2015) suggested that the timing of the 
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maximum humidity shifts from early to mid-late Holocene towards the south due to 
direct insolation forcing. In our record highest rainfall/wettest condition has its 
maximum around 3,900 yr BP, whereas maximum local insolation at 30°S peaks later 
at around 1,500 yr BP, which makes the local insolation alone to an unlikely forcing 
mechanism. Further, temporal offsets in maximum humidity in palaeorecords relative 
to local summer insolation maxima have been detected by several studies (e.g. Lim 
et al., 2016; Lyons et al., 2014; Metwally et al., 2014; Partridge, 1997; Singarayer 
and Burrough, 2015; Truc et al., 2013). Other studies suggested that, instead of local 
insolation alone, the LIG plays an important role in changing atmospheric and ocean 
circulation patterns (Loutre et al., 2004; Davis and Brewer, 2009; Bosmans et al., 
2015). We compared our δDw ax record with the LIG between 30°S and the equator 
(30°S – 0°S), as these latitudes comprises approximately the extent of the southern 
Hadley Cell and temporal changes in LIG should have influences in the extent and 
position of the Hadley Cell (Bosmans et al., 2012). The highest LIG during the 
Holocene occurred at ca. 3,500 cal. yr BP which approximately coincided with the 
wettest conditions in our record (Figure 5-5g). This could imply that the LIG between 
low- and mid-latitudes is an important driver for Holocene precipitation changes in 
southern Africa. Models show that stronger heating in the mid-latitudes compared to 
the equator would induce a poleward extension of the Hadley Cell due to a more 
stable subtropical jet stream at its poleward edge (Lu et al., 2007). Consequently, 
such a shift of the Hadley Cell would result into a shift of the rain-bearing wind 
systems (Bosmans et al., 2012). Our finding is congruent with other palaeorecords 
from the Southern and Northern Hemisphere, which underline the effects of the LIG 
on the climate system (Jiang et al., 1998; Vimeux et al., 2001; Masson-Delmotte et 
al., 2005), such as the strength and shift of the monsoon systems (Verschuren et al., 
2009; Li and Wu, 2010; Ramisch et al., 2016) and the expansion of sea ice (Denis et 
al., 2010). 
 
Late Holocene (3,900 BP – present). This time period is characterized by an overall 
drying trend from ca. 3,900 BP to present suggested by consecutively enriched 
δDw ax. Within this drying trend phases of intermittently humid condition occurred from 
around 2,700 to ca. 640 and from about 310 to 240 cal. yr BP, respectively (Figure 
5-5, Figure 5-6). Note that the temporal resolution for the last ca. 2,000 years is 
higher enabling the detection of short-term variations, which might be not detected for 
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the earlier parts of our record. The variable and more humid condition from about 
2,700 to ca. 640 cal. yr BP coincides with humid conditions in north-eastern South 
Africa (Chevalier and Chase, 2016). 
 
 
Figure 5-6: Comparison of compound-specific (a) carbon and (b) hydrogen isotope compositions of plant 
waxes in the marine sediment core GeoB8331-4 for the last 2,200 years with (c) Antarctic sea ice 
extension based on diene/triene ratio (Etourneau et al., 2013) . Stars indicate 14C dates. 
The last phase of this period (ca. 1,000 to 640 cal. yr BP) correspond to the Medieval 
Climate Anomaly (MCA) lasting from ca. 1,100 to 700 BP, with conditions generally 
wetter and partially warmer in the SRZ (Chevalier and Chase, 2015, and references 
therein; Holmgren et al., 2003; Lodder, 2011; Lyons et al., 2014). For instance, at 
Erfkroon, seasonal rainfall was relatively high (ca. 600 – 700 mm/yr) around 830 cal. 
yr BP compared to present day rainfall (ca. 400 – 500 mm/yr; Lyons et al., 2014). 
Further evidence of moister conditions are indicated by increased fluvial activity in the 
Orange River which was probably caused by intense precipitation events (Zawada et 
al., 1996; Lyons et al., 2014; Hahn et al., 2015). The dated flood deposits from the 
Vaal (ORF35) and the lower Orange River (ORF25) fall in this time period (Table 
5-1). In a broader, i.e. Southern Hemisphere, perspective, additional evidence for 
warming in the Southern Hemisphere during the MCA are found in New Zealand 
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(Cook et al., 2002; Schaefer et al., 2009) and South America (Strelin et al., 2008; 
PAGES 2k Consortium, 2013; Bertrand et al., 2014). A reduced sea ice extent has 
been detected around Antarctica for this period, which led to a southward shift of the 
SHW and relatively dry conditions in the WRZ (Stager et al., 2012; Etourneau et al., 
2013; Zhao et al., 2016). This anti-phase/dipole behaviour of the climate in the SRZ 
versus the climate in the WRZ is thus consistent with a large-scale southward shift of 
climate zones during the MCA. 
The observed drier conditions during the Little Ice Age (LIA: 640 – 310 cal. yr BP) are 
consistent with other records from the SRZ suggesting colder and drier conditions 
during the LIA, such as results from tree rings in the Karkloof Forest (Natal midlands) 
from 650 to 450 cal. yr BP (Vogel et al., 2001) or stalagmite records from around 500 
to 200 cal. yr BP at Makapansgat Valley (Holmgren et al., 2003) and in north-eastern 
Namibia (Voarintsoa et al., 2016). The dry conditions (enriched δDw ax) during the LIA 
were accompanied by a gradual increase in C4 plant contributions (enriched δ13Cw ax) 
from about 510 to 330 cal. yr BP in our record (Figure 5-6). This seems to contradict 
the earlier finding of increasing C4 grass cover with wetter conditions during the early 
and mid-Holocene in the study area. For the late Holocene and especially the LIA, it 
has, however, been suggested that expansion of Antarctic sea ice led to a northward 
shift of the rain-bearing westerlies (Lamy et al., 2001; Reason and Rouault, 2005; 
Etourneau et al., 2013) and, therefore, expansion of the WRZ in southwestern Africa 
(Stager et al., 2012; Weldeab et al., 2013; Zhao et al., 2016). We therefore infer that 
the northward shift of the westerlies was accompanied with a northward expansion of 
the WRZ which led to elevated contribution of C4 plant material during the LIA and 
explains the observed parallel behaviour of δ13Cw ax and δDw ax during this time.  
After the dry phase of the LIA in the SRZ, a short wet phase occurred in the Orange 
River catchment from around 310 to 240 cal. yr BP. This is consistent with other 
studies, which showed that a wet phase occurred at the end of the LIA (e.g. Heine 
and Völkel, 2011; Nash et al., 2016; Voarintsoa et al., 2016). Besides the long-term 
variation in insolation and LIG, which seem responsible for the overall drying trend 
during the late Holocene, these short scale variations are clearly influencing climate 
of southern Africa during the last millennium. Such short-scale variations could be 
attributed to variations of the El Nino Southern Oscillation (ENSO), Antarctic sea ice 
expansion, solar activity or volcanic eruptions (e.g. Hodell et al., 2001; Lean and 
Rind, 1999; Reason and Rouault, 2002; Scott et al., 2012; Wanner et al., 2008). For 
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instance, Reason and Rouault (2002) showed that during ENSO events, high 
pressure anomalies occur over southern Africa and the Indian Ocean. As a 
consequence, decreasing advection of moist air over eastern South Africa results in 
drier conditions in the SRZ (Reason and Rouault, 2002; Zhang et al., 2015). A direct 
link, however, cannot be seen in our record, which might be attributed to an overlay 
of other short-scale variations, small-scale regional differences or age model 
uncertainties.  
Evidence of human impact is detected for the last ca. 150 years of the record. The 
marked gradual depletion of about 1.5 ‰ in the δ13C record can be attributed to the 
so-called Suess effect changing atmospheric δ13C towards more depleted values due 
to anthropogenic fossil fuel emissions (Suess, 1955; Keeling, 1979). The reflection of 
this signal in the GeoB8331-4 record is a clear evidence for a rapid transfer of 
climatic signals in the Orange River watershed and quick deposition in the mudbelt. 
 
5.7 Conclusions 
In this study we reconstructed palaeoenvironmental changes in the summer rainfall 
zone of southern Africa covering the Holocene based on high-resolution compound-
specific isotope records from marine sediment core GeoB8331-4. The core receives 
terrestrial sedimentary contribution from the middle and lower Orange River 
catchment. Our compound-specific hydrogen isotope record indicates relatively dry 
conditions during the early Holocene supporting earlier studies from the summer 
rainfall zone implying colder and drier climate during this time. Towards the middle 
Holocene we found a gradual increase of wetter conditions and a shift to more C4 
vegetation. Precipitation changes were not solely driven by increasing insolation but 
also due to a stronger latitudinal insolation gradient displacing the position of 
maximum atmospheric convection southward. After 3,900 cal. yr BP gradual 
aridification occurred in the Orange River catchment, with periods of intermittently 
humid conditions (ca. 2,700 – 640 cal. yr BP, ca. 310 - 240 cal. yr BP). During the 
Little Ice Age (640 – 310 cal. yr BP), the Orange River catchment experienced a 
drying accompanied by an increase of C4 plant contribution. We suggest that the 
long-term influence of the latitudinal insolation gradient and local insolation forcing is 
superimposed by short-term variations, such as Antarctic sea ice extent, due to 
expansions in the extent of the winter rainfall zone during the late Holocene. 
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Suppl Fig. 5-1: n-Alkane parameters of sediment core GeoB8331-4 showing the (a) concentration (sum 
C25-C33) of n-alkanes, (b) average chain length (ACL) and (c) carbon preference index (CPI) of the 
homologues C27-C33. Stars indicate 14C dates. 
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6 Synthesis and outlook 
In the following the main findings of this thesis are summarized and discussed. The 
studies carried out in this thesis aimed at (1) achieving a source-to-sink approach for 
the terrestrial organic material deposited in the mudbelt offshore southwestern Africa, 
(2) evaluating the applicability of compound-specific δDw ax as proxy for hydrological 
changes, and (3) reconstructing Holocene hydrological and vegetation changes in 
South Africa as well as the processes that are responsible for these changes.  
To achieve the source-to-sink approach for terrestrial organic material leaf wax 
derived n-alkanes were used because they are solely produced by terrestrial higher 
plants and are a widely used biomarker for hydrological and vegetation 
reconstructions. The source signal was investigated by using soils that serve as first 
intermediate archive for leaf wax derived n-alkanes. Suspension loads and flood 
deposits from the Orange River and the west coast rivers were used to investigate 
the transport from the source to the sink and to detect possible additional overprints 
of the biomarker signal during the transport to the archive. Marine surface sediments 
along a north-south transect offshore the west coast of South Africa were used to 
unravel how much material is supplied by the Orange River, that mostly drains the 
SRZ, and the smaller west coast rivers as well as the adjacent west coast, which are 
located in the WRZ. To evaluate the applicability of compound-specific δDw ax as 
recorder for hydrological changes soils across different climatic transects in the SRZ 
and WRZ were investigated. Therefore, the δDw ax compositions of soils were 
compared with δD compositions of precipitation, data from the interpolated OIPC data 
set. Further, the influence of other environmental parameters on the hydrogen 
isotope fractionation of leaf wax n-alkanes was examined. The reconstruction of 
Holocene hydrological and vegetation changes was carried out by using a marine 
sediment core obtained from the northern mudbelt near the Orange River mouth. 
Therefore, the findings of the source-to-sink approach as well as the evaluated 
compound--specific δDw ax as hydrological recorder were used. 
6.1 Source-to-sink approach of terrestrial organic material in the mudbelt 
The different biomes in the catchments of the Orange River and the west coast 
rivers, on average, reveal differences in their n-alkane distributions and δ13Cw ax 
compositions as discussed in chapter 3. These differences could be attributed to their 
different vegetation types. However, the large variability in both, the n-alkane 
distribution and the δ13Cw ax in samples within a biome, hamper a clear distinction of 
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the different biomes. As one exception, the signals from Fynbos soils were 
distinguishable from other biomes. Nevertheless, investigations of suspension loads 
and flood deposits reveal that n-alkanes can be useful in tracking the fluvial transport 
of terrestrial organic material. The terrestrial organic material transported by the 
Orange River was found to be overprinted by local downstream vegetation 
contribution during riverine transport and, therefore, it represents a heterogeneously 
integrated catchment signal. Therefore, terrestrial organic material delivered by the 
Orange River does not necessarily solely reflect changes in the SRZ as a whole, but 
may reflect sub-regional dynamics with a potential bias towards signals from the 
lower reaches of the river course. This is an important finding as previous studies 
indicate that terrestrial inorganic material is mainly sourced from the upper reaches of 
the Orange River, the Drakensberg Mountains in the easternmost catchment. This 
discrepancy highlights the need to consider the potentially independent origin of both, 
terrestrial organic and inorganic material, for the interpretation of sedimentary 
archives.  
The investigations of the marine surface sediments have shown that most of the 
terrestrial organic material in the northern mudbelt is transported by the Orange 
River. However, the influence of the Orange River on the mudbelt sediments declines 
further south and is overprinted by signals derived from the western coastal margin, 
including the Succulent Karoo and Fynbos Biome (chapters 3 and 5). As inferred 
from previous studies, it is likely that the relative contribution from the rivers along the 
west coast has changed over time (Birch et al., 1991) and past flood events within 
the west coast rivers (Benito et al., 2011a, 2011b) may have imprints on potential 
sedimentary archives, especially in the central and southern mudbelt. Overall, the 
sediments in the northern mudbelt seem a suitable target to investigate 
palaeoenvironmental changes in the SRZ, while sediments in the southern mudbelt 
are likely well suited to reconstruct palaeoenvironmental changes in the WRZ. 
6.2 The applicability of δDw ax as hydrological recorder in southern Africa 
As discussed in chapter 4, the investigations of δDw ax in soils from different transects 
in the SRZ and WRZ reveal distinct patterns. In the SRZ, δDw ax turned out to be 
suitable for palaeohydrological reconstructions. δDw ax agrees well with (annual) δDp 
as well as with mean annual precipitation, which allows to reconstruct past 
precipitation amounts. However, evapotranspiration especially in the more arid parts 
of the SRZ, leads to isotopic enrichment in soil and leaf water and therefore to less 
6 Synthesis and outlook  
 
121 
apparent hydrogen fractionation. Thus, the effect of evapotranspiration impairs a 
quantitative precipitation reconstruction. Changes in vegetation reveal to have minor 
influences on the apparent fractionation and thus on the δDw ax composition. 
Therefore, variations of δDw ax in sedimentary archives of the SRZ, such as the 
GeoB8331-4 are suitable for the qualitative reconstruction of past hydrology.  
In contrast, the application of δDw ax in the WRZ is much more complex. The δDw ax 
values do not reflect annual or growing season δDp. Further, the WRZ highly varies 
with topography as well as small-scale microclimatic conditions. This may lead to 
distinct vegetation communities and large vegetation variability in the WRZ as well as 
to δDp variations that remain unresolved by the OIPC data set. In addition, also 
differences between the biomes located in the WRZ (Succulent Karoo and Fynbos) 
could be observed. While in the dry Succulent Karoo the temperature may be a driver 
for potential variations in δDw ax, in the WRZ evapotranspiration seems to be more 
important than in the Succulent Karoo. Additionally, summer precipitation and the use 
of moisture sources others than precipitation, such as fog moisture, potentially 
impacts on δDw ax in the WRZ. This may hamper an adequate interpretation of past 
hydrological changes in the WRZ that are based on δDw ax only. Therefore, 
interpretations should be supported by a multi-proxy approach including pollen, other 
stable isotopes and/or inorganic geochemical data, as well as more comprehensive 
data sets for modern plants and soils across the diverse environments of this region. 
6.3 Holocene palaeoenvironmental changes in the SRZ 
The findings in chapter 3, 4 and 5 qualified the marine sediment core GeoB8331-4 to 
be well-suited to investigate palaeoenvironmental changes in the middle and lower 
reaches of the Orange River, located in the SRZ. GeoB8331-4 can add valuable 
information to the reconstruction of past climate in the interior of southern Africa that 
lacks suitable high-resolution archives. The relatively dry conditions during the early 
Holocene indicated by δDw ax support the general concept of a colder and drier 
climate in the SRZ found in earlier studies. Decreasing δDw ax and increasing δ13C 
values towards the middle Holocene imply increasingly wetter conditions as well as 
more C4 plants, that are better adapted to a warmer climate than C3 plants. The 
wettest conditions during the Holocene were detected around 3,900 yr BP implying 
that precipitation changes were not solely driven by increasing local insolation but 
also by an increasing LIG (defined as insolation difference between 30°S and 0°) with 
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its maximum at ca. 3,500 BP. An increased LIG displaces the position of maximum 
atmospheric convection during the summer southward. A gradual aridification 
interrupted by periods of intermittently humid conditions (ca. 2,700 – 640 and ca. 310 
- 240 cal. yr BP) occurred in the interior of the SRZ during the late Holocene. The 
Little Ice Age (640 – 310 cal. yr BP) is evident as a dry period accompanied by an 
increase of C4 plant contribution. The long-term influences of the LIG and the local 
insolation forcing may be superimposed by short-term variations, such as the 
Antarctic sea ice extent, and the northward expansions of the winter rainfall zone 
during the late Holocene. In addition, a clear anthropogenic imprint during the last ca. 
150 years is visible in the marine sediment core. Such short-term variations during 
the late Holocene are visible as a consequence of the higher sample resolution 
during this time. 
6.4 Outlook 
This thesis provides a comprehensive application of a source-to-sink approach for 
terrestrial organic material delivered by riverine transport to the mudbelt offshore 
South Africa and was based on a solely terrestrially produced biomarker. The 
comparison of the origin of terrestrial organic and inorganic material clearly indicates 
that the source of the used proxy has to be known before interpreting marine 
archives. The suspension loads and the flood deposits reflect a similar overprinting of 
local plant contribution during the riverine transport. However, suspension loads and 
flood deposits only represent “snapshots” of the transported signal. Therefore, it is 
recommended to investigate the plant wax signal with respect to different seasons to 
detect potentially differences of the transported signal between rainy and non-rainy 
seasons. The implications of additional terrestrial input from the adjacent west coast 
biomes (Fynbos and Succulent Karoo) should be further tested. It remains unclear 
how much terrestrial material is transported either by wind or by riverine transport 
from this region. Studies considering the aeolian input have shown that the wind 
driven transport may be negligible south of the Orange River mouth (Prospero et al., 
2002; Dupont and Wyputta, 2003; Eckardt and Kuring, 2005; Vickery et al., 2013), 
while the ephemeral rivers along the west coast contribute sediment to the mudbelt 
only during flood conditions. Parallel investigations of dust samples and suspension 
loads during flood events could help to solve this problem in a more quantitative way. 
Further, investigations of sediment cores from the central mudbelt can help to detect 
changes of terrestrial input during flood and non-flood events in the ephemeral rivers.  
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An interesting result of this study is the different behaviour of the δDw ax as 
hydrological proxy in the SRZ and in the WRZ. While δDw ax is well-suited as 
palaeohydrological recorder for terrestrial material sourced in the SRZ, in the WRZ, 
δDw ax should only be used with care as palaeohydrological recorder. For the WRZ, 
clearly more research is needed to unravel the factors influencing hydrogen isotope 
fractionation and δDw ax. Harris et al. (2010) point at a gap between the isotope 
composition and amount of precipitation in this region, which they attributed to a 
higher deuterium excess of frontal storm compared to non-frontal storm precipitation. 
This suggests that the sparse coverage of climate stations (Cape Town and 
Johannesburg) used for the interpolated OIPC data set probably does not reflect 
small spatial-scale changes of δDp. However, the good relationship of OIPC data with 
interpolated groundwater data in the WRZ may indicate a relatively good 
representation of δDp. Parallel field studies of collecting precipitation over a certain 
time period and investigations of δDw ax obtained from plants and soils along different 
environmental transects (e.g. precipitation amount, altitude, temperature) in the WRZ 
may help to shed more light onto this issue. Further, the application of a Craig-
Gordon leaf water model (Craig and Gordon, 1965) may be a useful tool to estimate 
leaf water D-enrichment of certain plant species (e.g. Kahmen et al., 2013a; Berke et 
al., 2015; Cernusak et al., 2015), its effects on the resulting δDw ax signal and the 
implications for reconstructing past hydrological changes, especially in the WRZ. 
The findings of chapter 5 suggest that changes in the insolation gradient between 
different latitudes may be important for past environmental changes in the southern 
African SRZ. The importance of LIG changes on atmospheric circulation systems is 
raised in climate models (e.g. Davis and Brewer, 2009; Bosmans et al., 2015; 
Dallmeyer et al., 2015). However, in palaeoenvironmental reconstruction studies, not 
only in southern Africa, the process and consequences of changes in the LIG are so 
far poorly investigated and should receive stronger attention in future 
palaeoenvironmental reconstruction studies. These long-term changes, however, 
cannot explain the short-term variations found in the record of this thesis. These short 
variations may follow from variations of Antarctic sea ice extent or solar activity. High-
resolution records from the WRZ covering the whole Holocene could be used to 
understand the imprints of LIG between high- and mid-latitudes on 
palaeoenvironmental changes in the WRZ and to unravel the interplay and potential 
thresholds between forcings dominant in the WRZ and SRZ, respectively. 
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